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ABSTRACT

Noble metal nanostructures have been widely explored as an effective method to increase photon
absorption and charge separation in plasmonic application such as photocatalysis and surface
enhanced Raman scattering (SERS). In this study, we integrated two different noble metals gold
(Au) and silver (Ag) into Au/Ag bimetallic nanoparticles (BNPs) via solid-state thermal dewetting
to investigate the room-temperature electrical conductivity, visible light absorption and its effect
on photoelectrochemical (PEC) activity. The Au/Ag BNPs give rise to extended visible light
absorption range, exhibiting localized surface plasmon resonance (LSPR) effect that lead to strong
SERS. X-ray photoelectron spectroscopy shows binding energy shift in Au/Ag BNPs, suggesting
electron transfer from Ag to Au where charge transport behavior can be tailored. Kelvin probe
force microscopy and conductive atomic force microscopy displayed a significantly enhanced
electrical conduction in Au/Ag BNPs due to the lowered Schottky barrier height. When
incorporating the Au/Ag BNPs onto ZnO semiconductor photoanode, the photoactivity was
improved with lower charge transport resistance compared to monometallic and pristine ZnO. This
work delivers a general approach to understand the plasmon-induced charge interaction hence
photochemistry of noble metal BNPs/semiconductor photoanode by incorporating a controllable
composition ratio which is capable of exploiting the enhanced electrical conduction and LSPR

effect for PEC water splitting and SERS.
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Chapter 1 Introduction

1.0 Research Overview

In this thesis, the development and application of bimetallic nanoparticles (BNPs) for
plasmonic application such as solar water-splitting (SWS) and surface enhanced Raman scattering
(SERS) have been undertaken. This thesis covers a total of seven chapters. Chapter 1 shows the
problem statement, scope of research and research objective. Chapter 2 provides the background
theory of the fabrication of metal nanoparticles and their plasmonic phenomena. The fundamentals
of Metal oxide-based Semiconductors is discussed, as well as the fundamental of SWS, as well as
fundamental of SERS. Chapter 3 provides the literature review which summarized of the latest
studies related to solid-state thermal dewetting, characteristic of metal NPs, as well as SWS and
SERS application. Chapter 4 describes the methodology for the fabrication of Au/Ag BNPs and
zinc oxide (ZnQO), as well as the characterization methods to study the structural, optical and
electrical properties. Chapter 5 focuses on the results and discussions of studying the Au/Ag BNPs
with different composition ratio and their effect on structural, optical and electrical properties.
Using this knowledge, SWS and SERS were used as a platform to study the tunable properties of
Au/Ag BNPs. Finally, the research conclusion were made and recommendations for the future

work were proposed in Chapter 6 and Chapter 7, respectively.

This research demonstrates that the photon absorption, electrical conduction, as well as
charge transfer and separation by the BNPs can be effectively tuned by controlling the composition

ratio, and thus altering the efficiency in SERS and SWS.

21



1.1Problem Statement

The problem statement of this thesis is highly motivated by the limitation of SWS and
SERS application. In the case of SWS, the PEC performance is hindered by the large band gap of
the semiconductor which limit the photon absorption to the UV region and also the fast charge
carrier recombination. In the case of SERS, the limited photon absorption by the dye molecules
under low concentration hindered the Raman scattering technique from the detecting the vibration
of the molecules. Thus, BNPs are being used to explore the possibility to broaden the photon
absorption spectrum and supress charge carrier recombination with enhanced electrical

conduction. The specific problem statement of the thesis is as listed below.

To date, fabrication of BNPs consisting of Au and Ag are mostly achieved via wet
chemistry solution-phase method, however, these methods have certain intrinsic drawbacks such
as particle aggregation and colocation, causing poor repeatability and reproducibility [1-3]. To
overcome such drawbacks, certain techniques have been explored and developed by introducing
self-assembled nanostructures by templated growth [4], and electron-beam lithography [5] to
synthesize arrays of bimetallic nanostructures. Despite that, additional chemical modification are
still needed for the removal of excess reagents [6], as well as other driving forces such as
hydrodynamic interaction and electrostatic [7, 8] for the assembly of bimetallic nanostructures.
To overcome the as-stated limitation above, solid-state thermal dewetting method have been
employed which involves the deposition of a thin metal film and subsequent thermal annealing to
form nanoparticles. Therefore, it is crucial to fully explore the development of Au/Ag BNPs via
solid-state thermal dewetting method. Furthermore, previous reports mainly focuses on the
integration of MNPs in plasmonic devices, which investigated the effect of size [9-11], shape [12,

13] and material types [14-16] of MNPs on plasmonic activity. However, the understanding of
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plasmon-induced charge separation and electrical conduction of BNPs with different composition

ratio is still limited.

1.2 Scope of Research

The scope of research focuses on the fabrication of Au/Ag BNPs via low temperature solid-
state thermal dewetting process and tuning the composition ratio of Au/Ag BNPs to study the
structural, optical and electrical properties of BNPs for SWS and SERS detection. The plasmonic
device structure consists of FTO as the transparent conductive oxide, Au/g BNPs as the plasmonic
nanostructure, ZnO as the metal oxide semiconductor layer. In general, this work can be grouped

as followed:

Phase 1: Fabrication of Au/Ag BNPs on FTO by solid-state thermal dewetting method.
(Au/Ag BNPs /FTO)

e Phase 2: SERS measurements using Au/Ag BNPs /FTO.

e Phase 3: Fabrication of ZnO thin film by sol gel spin casting method. (Au/Ag BNPs/ ZnO/
FTO)

e Phase 4: PEC measurements using Au/Ag BNPs/ ZnO/ FTO.
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1.3 Research Objective

The main objective of this research is the development of Au/Ag BNPs with reproducible
tunable composition ratio to understand the plasmon-induced charge separation and electrical
conduction in driving photochemistry activity. This involves the investigation of the fundamentals
of structural, optical and electrical properties of the BNPs. In order to accomplish this aim, several

sub-objectives to be achieved are listed as:

e To design and develop plasmonic NPs and metal oxide semiconductor:
I.  Synthesis of Au NPs and Ag NPs.
1. Synthesis of Au/Ag BNPs.

[1l.  Synthesis of ZnO.

e Investigation of the structural properties:
I.  Surface morphology using Field-emission scanning electron microscopy
(FESEM).
Il.  Crystallographic properties and crystalline orientation using X-ray diffraction
(XRD).
1. Elemental composition and phase distribution using energy dispersive
spectroscopy (EDS).

IV.  Molecular dynamic simulation.

e Investigation of the optical properties:
I.  Absorption spectra using Ultraviolet-visible spectroscopy (UV-Vis).

1.  Electromagnetic field simulation.
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e Investigation of the electrical properties:
I.  Electron-hole separation and recombination wusing photoluminescence
spectroscopy (PL).
I1.  Drift current using conductive atomic force microscope (CAFM).

1. Surface potential using Kelvin probe force microscopy (KPFM).

e Investigation of the SERS performance:

I.  Enhancement factor and detection limit using Raman spectroscopy.

e Investigation of the PEC performance:
I.  Photocurrent density using chronoamperometry (CA).
Il.  Charge transfer using linear sweep voltammetry (LSV).

I1l.  Resistance using electrochemical impedance spectroscopy (EIS).
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Chapter 2 Background Theory

2.1 Fabrication of metallic NPs

In general, plasmonic metallic NPs can be synthesized either via chemical approach or
physical vapour method. Recently, wet chemical synthesis methodology has been widely applied
for the fabrication of NPs with controlled shapes and sizes [17-21]. Using this approach,
complicated structure such as nanorods[18], multipods [22, 23] and core-shell NPs [24-26] can be
synthesized. However, due to the nature of wet chemical synthesis, it has resulted in undesirable

contamination of the plasmonic devices due to the surfactants used during the fabrication process.

To solve the contamination issue, pulsed laser ablation of a solid target immersed in a liquid
medium has been explored [27-29]. This technique is capable of producing a large variety of NPs
which are uncontaminated by both surface-active substances and counter ions. As a result, the
absence of unwanted reagents such as stabilizers and by-products which are usually generated
during wet chemical process are advantageous when NPs are used for application as these reagents
might result in morphological changes to the embedded layers in the device. In physical vapour
method, conventional deposition methods such as vapor-phase deposition, photo- and nanosphere
lithography, and electrodeposition have been widely employed to deposit the thin metallic film.
Subsequently, fabrication of metallic NPs can be performed by dewetting of the thin film via
atomic diffusion when the activation energy is exceeded by nanosecond pulsed laser annealing
[30-36], ion beam [37-39], electron beam [40] and thermal annealing[41-45]. However, the
fabrication of metallic NPs on transparent conductive oxide (TCO) electrode through solid-state

dewetting method via thermal annealing is emphasized in this report.
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The mechanism of solid-state dewetting via thermal annealing will be explained in the
following section. Solid-state thermal dewetting process of a thin metallic film deposited on a
substrate involves the formation of droplets from a continuous or partially continuous film during
atomic diffusion as shown in Figure 1(a) and Figure 1(b), respectively. This process is driven by
the total surface free energy minimization of the metallic film. Initially, the dewetting starts by the
nucleation of holes in the continuous film which reach the substrate surface. However, in the case
whereby the film is not continuous and exists as island structure, the dewetting process will
proceed to the growing of the holes over time which will develop a thickened rim at the edges due
to the mass-conservation and local curvature gradient at their edges [45]. Subsequently, the rim
increases its thickness with time which resulted in the reduction of its net curvature and also its
edge retraction velocity. After that, the rims break apart by a fingering instability as the corners of
the hole growing become thermodynamically unstable with the consequent formation of material
lines that decays into droplets through a Rayleigh-like instability [46]. Generally, metal-metal
interface has a stronger bonding compared to metal- non-metal interface [47, 48]. Hence, metallic
thin films deposited on non-metal substrate are thermodynamically unstable at elevated
temperature, which resulted in the initiation of dewetting process below the melting temperature
of the metal upon thermal annealing. The energy required to initiate the dewetting process of the
metallic film via the activation of atomic diffusion can be transferred to the film by standard
thermal annealing. The complete transformation of the metallic film into nanoparticles (NPs) and
their properties depends on factors such as annealing temperature, initial film thickness, type of
metallic film and the properties of the underlying substrate. Generally, dewetting process of
different metallic films with the same film thickness requires low annealing temperature for metals

with high thermal conductivity, and for a particular metallic film, the annealing temperature
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increases with the film thickness for dewetting to occur [49]. Arajo et al. demonstrated that
parasitic absorption of Ag nanostructures can be reduced by using an underlying substrate with
high conductivity (¢ = 59.5 S cm™) and low roughness (approximately 1 nm) [50]. In other works,
Ruffino et al. displayed that Ag nanoparticles on ITO have larger diameters compared to Au NPs
with the same initial film thickness of 5nm and similar applied energy [34]. In addition to that,
Ruffino et al. also demonstrated that the diameter of the nanoparticles with initial film thickness
over a certain threshold is dependent on the substrate morphology [51]. It was reported that initial
film thickness above the root mean square of the textured substrate will result in bimodal

nanoparticle diameter distribution.

Besides MNPs, BNPs can be fabricated by solid-state thermal dewetting via deposition of
bilayer metallic films. However, the shape uniformity and nanoparticles diameter distribution of
the BNPs are highly dependent on the individual layer thickness, stacking sequence of the bilayer,
material properties, annealing temperature and annealing atmosphere. For instance, Herz et al.
reported that tungsten (W) layer functioned as a passivation layer for gold (Au) during the
formation of Au-W bimetallic nanoparticles [52]. Furthermore, Seo et al. reported that the
bimetallic Pt-Ni nanoparticles composition can be effectively controlled by the thickness ratio of
the deposited Pt-Ni bilayer films [53]. As a result, it is crucial to optimize parameters such as
annealing temperature, initial individual film thickness and stacking sequence of the bilayer film

of the metallic films to obtain the desired nanostructures.
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(a) Initial film condition: (b) Initial film condition:
Continuous Film Partially Continuous Film
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Figure 1. Solid state dewetting via thermal annealing of metallic nanoparticles. (a) Initial film

condition is continuous and (b) Initial film condition is partially continuous.

2.2 Fundamental of Plasmonic Phenomena

Plasmonic enhancement by metal nanoparticles (NPs) in plasmonic applications can be
attained via mechanisms such as localized surface plasmon resonance (LSPR), light scattering or

hot electron injection.

In the case of light scattering (Figure 2(a)), metal NPs function as sub-wavelength
scattering nanostructures that trap and redirect the incident photon into the semiconductor layer,
thereby increasing the photon propagation path length within the layer. At the region of
heterogeneous interface, metal NPs will preferentially scatter light into the medium with high
permittivity. During the scattering process, enhancement of the photon absorption efficiency is

achieved by light being scattered with specific angular spreads, which improves the optical
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propagation pathway via multi-photon scattering. Subsequently, this allows more photons to pass
through the semiconductor layer during the light scattering process. As a result, enhancement of
plasmonic devices via light scattering involved increasing the light propagation pathway in the

semiconductor layer to improve the absorption efficiency.

. On the other hand, in the case of LSPR (Figure 2(b)), metal NPs function as sub-
wavelength antennas which focuses the photon of specific wavelength in the spectrum on the
surface of NPs. This results in the improvement of the electromagnetic (EM) field upon photon
irradiation, hence facilitates photon absorption of the semiconductor layer. Metal NPs is capable
of absorbing and concentrating light at its surrounding via LSRP. This mechanisms involves MNPs
located within the vicinity of the semiconductor layer (in contact or not in contact with the
semiconductor material). LSPR phenomena are initiated when the frequency of the incident
photon matches with the frequency of the oscillation excited electron of metal NPs. As a result of
the resonance effect, the enhancement of the electromagnetic field leads to the effective photon

concentration of the visible to infrared region surrounding the metal NPs.

For the case of hot electron injection (Figure 2(c)), excited electrons in the metal NPs due
to the surface plasmon resonance are injected into the conduction band of the semiconductor,
resulting in efficient charge transfer and separation. In this mechanism, the metal NPs function as
a sensitizer, which absorb the incident photons and, subsequently, transfer the excited electrons
from the plasmon band of the metal to the conduction band of the semiconductor. It is important
to note that the hot electron injection mechanism is only possible if the energy of the electrons are
sufficiently high to move across the Schottky barrier formed between the metal and semiconductor
heterojunction. Similar to LSPR and light scattering, the hot electron injection mechanisms also

depends on the nanostructure characteristic such as metal type, size, shape and nature of the metal-
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semiconductor heterojunction. The metal type, shapes, sizes and location of integration of metal

NPs will significantly affect the enhancement mechanisms.

(a) Light Scattering (b) Localized Surface Plasmon Resonance

=

(c) Hot Electron Injection

e
Incident Light —> [\
CcB
+ +

Figure 2. Schematic diagram for plasmonic phenomena: (a) Light scattering, (b) Localized surface

plasmon resonance, and (c) Hot electron injection.

2.3 Metal oxide-based Semiconductors

In general, metal oxide based photo-anodes semiconductor are considered to be stable in
harsh liquid medium. Among the many metal oxides, materials such as ZnO [54, 55], TiO; [56-
58], WO3 [59-61], and Fe,O3 [62-65] are widely utilized in SWS research due to their chemical
stability and low cost. For instance, ZnO and TiO: has the capability to perform unassisted water
electrolysis reaction under solar illumination. However, the PEC performance of these photo-
anodes are relatively low because of their large band gap and limited absorption range in the UV

region (5% of total solar spectrum) as shown in Figure 3. In order to overcome these obstacles,
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several strategies such as nanostructure surface design [66-68], doping [69-71] and heterojunction
modification [72-74] have been applied to enhance the plasmonic performance. To date, plasmonic
applications with the aid of noble metal nanostructures has gained much attention due to the
effectiveness of these metal nanostructures and semiconductor heterojunction formation in

improving photon absorption and supress charge recombination [75-79].
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Figure 3. Band edge potentials of metal oxide semiconductors (interfaced with a pH 0

electrolyte solution). [80]

2.4 Fundamental of Solar Water Splitting (SWS)

Photoelectrochemical (PEC) water-splitting has been widely explored as a viable solar-to-
chemical pathway by oxidizing/reducing H>O molecules with electron-hole pairs using a
semiconductor. The configuration of a typical PEC device encompasses of a semiconductor
photoelectrode layer whereby electron-hole pairs are created upon photon absorption. Upon charge
carrier generation and separation, the electrons are transferred to the counter electrode to reduce
the water molecules to hydrogen, while the holes at the valence band of the semiconductor will

oxidize the water molecules to oxygen.
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The requirement of an ideal semiconductor photo-anode used for solar water splitting
(SWS) is as followed: (i) suitable band gap of > 1.23 eV + 0.8 eV to pass the kinetic barriers; (ii)
conduction band located above the H*/H; equilibrium potential for H, evolution and valence band
below the O2/H20 equilibrium potential for Oz evolution (Figure 4); and (iii) photo-corrosion
stability in electrolyte [81]. Ideally, the photo-generated charge carrier transfer to the respective
electrode and liquid junction without recombination, however, charge recombination tend to occur
during the electron transfer process which resulted in deterioration in PEC performance [82].
Therefore, the band gap of semiconductor used to drive the SWS process should have values in
the range of 1.6 to 2.2 eV [83]. Furthermore, the semiconductor should have a low cost and photo-

corrosion stable.
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Figure 4. Schematic diagram of band edge positions of semiconductors relative to vacuum and

normal hydrogen electrode (NHE) level. [84]

Solar water splitting (SWS) uses photons to create a chemical reaction, in particular, the

splitting of water molecules into hydrogen gas (Hz2) and oxygen gas (Oz). The SWS cells commonly
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consists of an anode and cathode electrode submerged in an electrolyte solution and connected by
external circuit. One of the two electrodes is a photon absorbing semiconductor layer and another
electrode is commonly a metal, such as platinum (Pt) as shown in Figure 5. When the
semiconductor is excited by photons with energy larger than the band gap of the semiconductor,
electrons are excited from the valance band (VB) to the conduction band (CB) of the
semiconductor, thus creating an electron-hole pairs. Next, the photo-generated charge carrier will
either undergo recombination process or be separated by the electric field exist in the space-charge
between the semiconductor- electrolyte interface. At the working electrode (anode)’s
semiconductor surface, the photo-generated holes separate the H,O molecules into Oz and H*

(oxygen evolution reaction) as shown in the following Equation 1:

2H,0 + 4h*™ - 0, + 4H* Equation 1

Next, the photo-generated electrons are transferred to the cathode (counter electrode) via
the external circuit, while the hydrogen ions move to the cathode via the electrolyte. Protons are
then reduced at the cathode to generate gaseous H (hydrogen evolution reaction) as shown in the

following Equation 2:

4H* + 4e~ - 2H, Equation 2
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Figure 5. Diagram of solar water splitting device that encompasses the semiconductor photo-

anode and metal cathode.

2.5 Fundamental of Surface Enhanced Raman Scattering (SERS)

Surface enhanced Raman scattering (SERS) has been widely utilized as a detection method
to identify and quantify ultra-low concentration of chemical/bio- molecules in numerous fields
such as environmental science and medical diagnostic [85-87]. Among the other molecule
identification methods, SERS is considered as among the most sensitive, reliable and selective
method for non-destructive analysis via harnessing the electromagnetic field of plasmonic

nanostructures [88-90].

Raman scattering indicates the inelastic scattering phenomena that happen when photon
interacts with a molecules. The characterization of the molecule frequency shift due to Raman
scattering is a method called Raman spectroscopy, which provides molecular identification via
vibrational modes. However, certain molecules are weakly responsive to the photons during
excitation, thus surface enhanced Raman scattering (SERS) is utilized to improve the photon

absorption of the target molecules. SERS consists of a nanostructured metal surfaces whereby the

35



Raman signal of the desired molecule to be analysed is enhanced due to the plasmonic effect as
shown in Figure 6. SERS enhancement originate from two possible mechanisms, namely,
electromagnetic enhancement and chemical enhancement. The chemical enhancement is mainly
due to the charge transfer reactions with chemisorbed species that are not plasmonic but give a
Raman signal enhancement. Thus, this report focuses on the electromagnetic enhancement which

originate from the electric field created by the LSPR acting on the desired target molecules.
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Figure 6. Schematic drawing of SERS with the corresponding SERS signal.
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Chapter 3 Literature Review

3.1 Solid-state Thermal Dewetting of metal NPs

The solid-state thermal dewetting process is highly dependent of the type of materials,

bottom layer material, annealing temperature and annealing duration. As the rate of diffusion is

high, the required annealing temperature is lower. For instance, Ag has a higher rate of diffusion

than Au, thus the required annealing temperature for complete formation of nanoparticles will be

lower for Ag as compared to Au [91]. Table 1 and Table 2 summarize the latest studies on the

solid-state thermal dewetting for MNPs and BNPs, respectively.

Table 1. Solid-state thermal dewetting parameters of MNPs.

Materials | Bottom layer Coating Coating Annealing Annealing | Ref.
Material Method Condition | Temperature | Duration
Ni TiO2 nanotube | Sputtering 16 mA 450 °C 1 hour [92]
array 102 mBar
Cu TiO2 nanotube | Sputtering 16 mA 450 °C 1 hour [92]
array 102 mBar
Pt Sapphire Pulsed 1x10*Torr | 500 to 900 °C 120's [93]
Laser
Deposition
Au TiO2 film Thermal 2x10° 500 °C 2 hours [94]
Evaporation mBar
Au Antimony lon Beam n/a 900 °C 15 minutes | [91]
Coater
Ag Antimony lon Beam n/a 750 °C 30 minutes | [91]
Coater
Ag SiO2 Thermal 103 Pa 200 °C 1 hour [95]
Evaporation
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Table 2. Solid-state thermal dewetting parameters of BNPs.

Materials | Bottom layer Coating Coating Annealing Annealing | Ref.
Material Method Condition | Temperature | Duration
Ni/Cu | TiOz nanotube | Sputtering 16 mA 450 °C 1 hour [92]
array 102 mBar
Ag/Pt Sapphire Pulsed 1x10*“Torr | 500 to 900 °C 120 s [93]
Laser
Deposition
Ag/Pd Sapphire Sputtering 3mA 400 to 800 °C 120's [96]
1x1071 Torr
Au/Ag Glass Co- n/a 500 °C 1 hour [97]
sputtering
Ag/Au Quartz Thermal | 1x10° Torr 700 °C 1 hour [98]
Evaporation
In/Pt Sapphire Sputter | 1x10 Torr | 550 to 900 °C 450 's [99]

3.2 Characteristic of metal NPs

The material, shapes, sizes and location of metal NPs will significantly affect the
enhancement mechanisms of the plasmonic devices. The plasmonic performance (SWS and SERS)
can be enhanced either by LSPR, light scattering, or hot electron injection, which is dependent on

the characteristic of the metal NPs.

3.2.1 Effect of metal NPs Material Properties

Based on the desired plasmonic enhancement mechanism, plasmonic materials with the
appropriate optical properties are selected. For plasmonic applications, plasmonic metals that are
commonly integrated into the devices are gold (Au), silver (Ag), copper (Cu) and aluminium (Al).
The absorption spectra of Au and Cu falls within the visible spectrum, whereas Ag and Al
corresponds to absorption spectra within the ultraviolet region [100, 101]. The strategy for

deciding the suitable material is to compare the real (¢’) and the imaginary (¢'') component of the

38



permittivity property. The spectra range of the surface plasmon resonance can be estimated using
the crossover wavelength (A1 where &’ becomes negative). Thus, a larger negative &’ should
exhibits an enhancement of the electromagnetic near field with a larger absorption cross-section.
In contrast, " indicates the optical losses, hence, a higher " exhibits a weaker SPR and a more
dissipative decay for heat generation. Based on the permittivity properties (¢’ and €'"), Ag displays
the best balance between high negative &’ and very low &”, which indicates low losses over the
whole spectra range [102]. Au and Cu have the second-best optical properties with a high negative
€' and relatively low &", although displaying higher losses than Ag in the spectra range between
300 to 600 nm due to interband transition [103]. Lastly, Al has the relatively high negative & and
displaying the highest optical losses due to the intense interband transitions strongly damping the

metallic properties [104].

3.2.2 Effect of metal nanostructures Shape

The effect of NPs shape on the surface plasmon resonance and light scattering was widely
reported by numerous researchers. For instance, Au nanorods exhibit more efficient PEC
performance compared to Au nanosphere due to the enhanced electron transfer pathway and also
increased photon absorption [105]. In terms of SERS, Ag nanocubes with sharp corners exhibited
enhanced SERS efficiency compared to truncated Ag nanocubes due to their enhanced
electromagnetic field (EMF) via LSPR [106]. This is mainly because of the concentrated EMF
generated at the sharp corners, while the EMF is spread uniformly over the spherical NPs [107].
The SPR wavelength of gold nanospheres (Au NSs) shows single peak at 540nm, whereas gold
nanorods (Au NRs) are having two peaks at 780nm and 540nm due to the longitudinal and

transverse mode of LSPR, respectively. Furthermore, Kozanoglu et al. investigated the effect of
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different Au nanostructures such as Au nanostars (NSts), Au NRs, and Au NSs on plasmonic
performance [12]. Among the different Au nanostructures, Au NSts displayed the highest
plasmonic efficiency due to the broaden absorbance spectra, which resulted in the highest light
scattering and LSPR effect at the tips of the Au NSts, thereby increasing the plasmonic effects for
a wider range of wavelengths. Figure 7 displayed the absorbance spectra of Au (a) NSts, (b) NRs,
and (c) NSs. In conclusion, the shape of nanostructures plays a significant role in affecting the

plasmonic enhancement.

()

Absorbance (a.u.)
Absorbance (a.u.)

Absorbance (a.u.)

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 7. Absorbance spectra of Au NPs: (a) Au NSts, (b) Au NRs, and Au NSs. Inset shows the

FESEM images of the nanostructures [12].

3.2.3 Effect of metal NPs Size

As metal NPs can exhibit enhancement mechanisms of both light scattering and LSPR, as
well as hot electron injection, the size of the NPs will determine the contribution of each
phenomena. For NPs with size of 50 nm or less, LSPR is the more dominant enhancement
mechanism, whereas large NPs with size above or equal to 50nm, light scattering will be more
dominant [108]. For instance, Ag nanocubes with increased size (90 to 100 nm) exhibit enhanced
SERS enhancement factor [106]. In addition to that, Zhang et al. determined that scattering effect

was predominant for Au NPs with diameter larger than 60 nm, while LSPR mechanism for smaller
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Au NPs of less than 40 nm [109]. For instance, it was reported that small metal NPs (1 — 4 nm)
with distinct corners are preferable in hot electron injection [110, 111]. As the plasmonic
mechanisms depends on the NPs size, it is crucial to optimize the NPs size to obtain the desired

enhancement mechanisms in plasmonic applications.

3.2.4 Location of metal NPs in Semiconductor

Plasmonic effects depending on NPs characteristics such as material, shapes, and sizes
have been widely investigated within plasmonic device architecture. Furthermore, another crucial
consideration is the integration location of NPs in plasmonic devices, whereby it can be
categorized into two major classes: (i) NPs in contact with semiconductor layer, (ii) NPs not in
contact with semiconductor layer. However, this thesis will be focusing on NPs in contact with the
semiconductor layer. Identification of these classes are essential as they are fundamentally
different from each other in terms of performance enhancement mechanism. For instance, metal
NPs not in contact with semiconductor is unable to experience hot electron injection enhancement
mechanism because photo-excited electrons in the NPs is unable to freely move across to the
semiconductor. In this case, LSPR and light scattering are the possible mechanism for NPs not in
contact with semiconductors. Therefore, careful design and considerations must be taken to

harness the desired enhancement mechanism in the plasmonic device.

In summary, plasmonic performance of applications such as solar water-splitting (SWS)
and surface enhanced Raman scattering (SERS) are highly dependent on NPs characteristics such
as material, shapes, sizes and location have been widely investigated. Past researches on SWS and

SERS applications are compiled as shown in the tables below.
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3.3 Solar Water-Splitting (SWS)

Integration of plasmonic nanostructures on semiconductor in SWS resulted in performance
improvement by enhancement mechanism such as LSPR, light scattering or hot electron injection
[112]. Thus, it is crucial to identify the enhancement mechanisms by plasmonic nanostructures for
SWS as shown in Table 3. In addition to that, it can be observed that NPs, especially BNPs are
typically synthesized via wet chemistry method, thus it is of great interest to explore solid-state

methods such as solid-state thermal dewetting.

Table 3. Summary of solar water-splitting (SWS).

Structure NPs preparation Enhancement mechanisms Ref
AuPd/Graphene- ZnO Wet chemistry Hot electron injection [113]
NRs (alloyed)
Cu- TiO2 nanotube Wet chemistry LSPR [114]
Au- ZnO NWs Wet chemistry Hot electron injection and [115]
LSPR
Au- ZnO/CdS nanotube Wet chemistry LSPR and hot electron [116]
injection
AuNPs / Al,03/ ZnO Wet chemistry LSPR and hot electron [117]
NRs injection
AuAg — TiO2 NRs Wet chemistry Hot electron injection [118]
(alloyed)
AuAg — TiO2 NRs Wet chemistry LSPR, light scattering and [119]
(core-shell) multipolar resonance
AuAg- ZnO NRs Wet chemistry Hot electron injection [120]
(alloyed)
AuPd — TiO2 NRs Wet chemistry LSPR and hot electron [121]
(alloyed) injection
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AuPd — TiO2 NRs Sputtering Hot electron injection [122]
(alloyed)

Au —TiOz thin films | Thermal dewetting Hot electron injection [123]

3.4 Surface Enhanced Raman Scattering (SERS) detection

Utilization of plasmonic nanostructures in SERS detection resulted in performance
improvement by enhancement mechanism such as LSPR and light scattering. The performance of
SERS is often expressed in terms of enhancement factor (EF), which indicates the ratio of intensity
factor detected by the Raman probes using plasmonic nanostructures against the reference
substrate without the nanostructures. Table 4 summarizes the enhancement factors of MNPs and
BNPs, which indicates that the EF are generally higher for BNPs as compared to MNPs. This can
be attributed to the enhanced photon absorption by the BNPs which broadened the absorption

wavelength spectrum of the Raman probe molecules.

Table 4. Summary of surface enhanced Raman scattering (SERS)

Plasmonic NPs preparation Target molecule Enhancement Ref

Nanostructures factor
Au nanoparticles Wet chemistry Methylene blue 4.0 x 10* [124]
Ag nanocubes Wet chemistry 1,4- benzendithiol 3.6 x10° [106]
Au/Ag nanoparticles Wet chemistry Thiabendazole 3.1x10° [125]
Au nanoparticles Wet chemistry 2-naphthalenethiol 2.0 x 10° [126]
Au core — Ag shell Wet chemistry 4- 3.4 x10° [127]

nanoparticles nitrophenylthiophe
nol

Au-Ag nanoparticles Wet chemistry Rhodamine 6G 1.0 x 108 [128]
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Au nanorods Wet chemistry 4-MPy-BMP 5.6 x 107 [129]

Ag nanoparticles Wet chemistry 4-NTP 2.0 x 10° [130]

Ni/Au core-shell Laser ablation Rhodamine 6G 2.5x10° [131]
nanoparticles

Ag/ZnO Laser Ablation Ammonium nitrate N/A [132]

Ag/Cu nanoparticles Magnetron Crystal violet 3.0x10° [133]

sputtering
Au nanoparticles Thermal Rhodamine 6G 1.5 x 10° [134]

evaporation
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Chapter 4 Methodology

4.1 Fabrication of Metallic Nanoparticles

4.1.1 Substrate Cleaning

FTO substrates (13 Ohm/sq) were purchased from Sigma Aldrich. FTO substrate were cut
to dimensions of 1 cm?and cleaned prior to deposition by rubbing the top and bottom surface with
Acetone using a cotton bud. Each FTO was placed in a glass jar and separated using Teflon
substrate holder. The substrates were sonicated using Acetone for 15 minutes, then the Acetone
was replaced with iso-propanol (IPA) and sonicated for another 15 minutes. The substrates were
then dried on a hot plate at 110 °C for 10 minutes, followed by ultraviolet-ozone (UV-0zone)

cleaning for 10 minutes to remove any organic contaminants.

4.1.2 Fabrication of Au NPs and Ag NPs on FTO

High purity (99.99%) Au and Ag metal target with diameter of 57 mm was purchased from
Quorum Technologies. Au NPs and Ag NPs on FTO substrate (1 cm x 1 cm) were prepared from
thin Au and Ag films, respectively, by solid-state dewetting. In order to etch the surface of the
metal target to avoid contaminants and metal oxides from depositing on the sample, the sputter
machine was set to sputter for 30 s without any samples inside of the chamber. Deposition of films
with total film thickness of 10 nm were performed using Quorum DC rotary sputter machine. The
sputter coater parameters for Au and Ag films were utilized as shown in Table 5. The film thickness
calibration of Au and Ag was performed using AFM thickness measurement as shown in Figure

S1.
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Table 5. DC sputtering parameters for Au NPs and Ag NPs.

Parameters Au Ag
Target diameter 57 mm 57 mm
Sputter time 355 (10 nm) 14 s (10 nm)
Sputter current 25 mA 50 mA
Tooling factor 1.10 1.00
Distance from metal target 4.6 cm 4.6 cm

4.1.3 Fabrication of Au/Ag BNPs on FTO

Au/Ag BNPs were prepared from thin Au and Ag bilayer films by solid-state

dewetting. Deposition of combination of 10 nm total film thickness between Au and Ag bilayer

films on FTO substrate were performed using Quorum DC rotary sputter machine. During the

deposition process, Au film was first sputtered on FTO, followed by a layer of Ag film. The sputter

coater parameters for Au and Ag films were utilized as shown in Table 6. In order to investigate

the effect of different Ag content in bimetallic NPs, different ratio of Au and Ag bilayer film

thickness was sputtered on FTO substrate and tabulated in Table 7.

Table 6. DC sputtering parameters for Au/Ag BNPs.

Parameters Au Ag
Target diameter 57 mm 57 mm
Sputter time 17 s (5 nm) 7s(5nm)
14 s (4 nm) 8s (6 nm)
11 s (3 nm) 95 (7 nm)
75 (2 nm) 10 s (8 nm)
Sputter current 25 mA 50 mA
Tooling factor 1.10 1.00
Distance from metal target 4.6 cm 4.6 cm
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Table 7. Au and Ag ratio for bimetallic nanoparticles.

Ratio (Aux Agy) Au/Ag ratio Au (nm) | Ag (nm)
Auo.4 AJos 0.67 4 6
Auo.3 Ado.7 0.43 3 7
Auo.2 Ado.s 0.25 2 8

The samples were then placed in the furnace for the annealing process from Au/Ag
bilayer films into Au/Ag BNPs as shown in Figure 8. The annealing temperature and holding time
were fixed at 300 °C and 10 minutes, respectively. The heating ramping rate was fixed at 3°C per

minute.

| IFTO
| |Ag
B Au lHeat
Wavng §%o ool 0

Figure 8. Schematic illustration of facile fabrication of Au/Ag BNPs via successive thin film

sputtering and thermal dewetting.

4.1.4 Fabrication of Zinc Oxide Thin Film

ZnO uniform thin films were synthesized and homogeneously distributed on the FTO
substrate using sol-gel spin coating process. Specifically, ZnO sol-gel precursor was synthesized
by mixing 0.2 M of zinc acetate dehydrate (Sigma Aldrich, > 99%) into a solvent of 8 mL ethanol

(Sigma Aldrich, > 99%) and, subsequently, 154 uL of diethanolamine (Sigma Aldrich) was added
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into the mixture under a constant stirring of 600 rpm at temperature of 60 <T for 30 min. Next, the

solution was sealed and kept inside the dry cabinet for the aging process (24 h). For the ZnO spin

coating step, 25 uL of ZnO sol-gel was spin-coated onto the FTO substrate at a speed of 3000 rpm

for 30 s. Lastly, the spin coated samples were annealed in a furnace at a temperature of 300 °C for

60 minutes using a ramping time of 30 minutes to improve the crystallinity of ZnO.

4.2 Material Characterization

Characterization Equipment (methods)

Function

Bruker Multimode 8 Atomic force microscopy
(Scan-Asyst Air)

Perform  surface  roughness and

topography imaging

Bruker Multimode 8 Atomic force microscopy
(PeakForce Kelvin Probe Force Microscopy- PF
KPFM)

Perform nanoscale surface potential

mapping of nanoparticles

Bruker Multimode 8 Atomic force microscopy
(PeakForce Tunneling Atomic Force Microscopy-
PF TUNA)

Perform nanoscale current mapping and

IV spectroscopy of nanoparticles.

Keithley sourcemeter (2 point probe bulk IV
testing)

Perform macroscale 1V spectroscopy of

nanoparticles.

Tecnai G20 Transmission electron microscopy
(HRTEM and STEM-EDS)

Measure lattice parameter and element

mapping analysis of nanoparticles.

Bruker D8 Discover X-ray diffractometer
X-ray diffraction (XRD)

Determine the crystallographic

orientation.
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Hitachi  Field-emission  scanning  electron

microscopy (FESEM)

Perform  morphology imaging of

semiconductor and metallic nanoparticles

Agilent ultraviolet-visible spectrophotometer (UV-

Vis spectroscopy)

Determine the absorption spectra of

semiconductor and metallic nanoparticles

Horiba Scientific LabRAM HR Photoluminescence

spectrophotometer (PL spectroscopy)

Determine  the electron-hole  pair

recombination

Horiba LabRAM HR

spectrophotometer (Raman spectroscopy)

Scientific Raman

Determine the surface enhanced Raman
scattering (SERS) performance

Gamry Potentiostat (three electrode measurement)

Determine the photoelectrochemical

(PEC) performance

4.2.1 Surface Roughness Mapping

Surface roughness characterization under Scan Asyst Air mode was performed using

Bruker Multimode 8 atomic force microscopy (AFM) under ambient atmosphere with relative

humidity of less than 40%. Bruker tip (Scan Asyst Air) is made up of silicon (Si) tips of 2.5-8pm

tip height with resonant frequency of 45 kHz and spring constant of 0.2 Nm™. For consistency, all

images of the monometallic nanoparticles (MNPs) and bimetallic nanoparticles (BNPs) in a

particular series were measured using the same cantilever tip. It is important to note that the

nominal tip radius of the cantilever tip is 2 nmand it might increase to a maximum value of 12 nm

due to the rounding effect after multiple usage, which might affect the resolution of the topography.

For surface roughness mapping, the parameters used are listed in Table 8.

Table 8. AFM parameters for surface roughness mapping under Scan-Asyst Air mode.
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AFM parameters Value
Scan size 1 um
Scan rate 0.5Hz

Gain 5
Setpoint 0.05V

4.2.2 Surface Potential Mapping

Surface potential characterization under PF KPFM mode was performed using Bruker
Multimode 8 atomic force microscopy (AFM) under ambient atmosphere with relative humidity
of less than 40%. Bruker conductive tip (PFQNE-AL) is made up of highly-doped silicon (Si) tips
of 2.5-8 pm tip height with resonant frequency of 300 kHz and spring constant of 0.8 Nm™.
PFQNE-AL were utilized for all KPFM measurements. Conventional Pt/Ir coated silicon tips were
not utilized because of the potential wear off of the conductive coating upon multiple scanning,
which will affect the accuracy of the contact potential difference (CPD) due to the changed tip
work function. In our case, wearing off will not be an issue as the tip is made up of highly-doped
Si. As the tip is made up of a single material, the tip work function will not significantly change
upon multiple scanning. In order to determine the work function of the tip, the surface potential of
the tip was calibrated with standard samples such as Au-Si-Al and highly orientated pyrolytic
graphite (HOPG) as shown in Figure S2 . HOPG was selected due to its stable work function of
4.6 eV under ambient condition. As the CPD between the cantilever tip and HOPG sample is zero,
hence the surface potential of the cantilever tip is estimated to be 4.6 eV. For consistency, all
images of the MNPs and BNPs in a particular series were measured using the same cantilever tip.
It is important to note that the nominal tip radius of the PFQNE-AL is 5 nm and it might increase
to a maximum value of 12 nm due to the rounding effect after multiple usage, which might affect
the resolution of the topography and surface potential results. Both topography and Kelvin imaging

were performed by a two pass (trace and retrace) technique, whereby a single line will be scanned
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two times. In the first scan, the topographical information was obtained via Bruker propriety
PeakForce Tapping mode (non-contact). After the topography data were stored, the tip will be
lifted up to a height based on the value of the lift scan height and the Kelvin probe signals were
stored in the second scan. The lift scan height is approximately 30 nm higher than the highest
morphology of the scanned area. For consistency, the lift scan height was set to 100 nm for all

KPFM measurements. For surface potential mapping, the parameters used are listed in
Table 9.

Table 9. AFM parameters for surface potential mapping under PF KPFM mode.

AFM parameters Value
Scan size 1 m
Scan rate 0.5 Hz
Gain 5
Setpoint 0.05V
PeakForce 150 nm
amplitude
Lift scan height 100 nm
Drive amplitude 500 mV
Lockin-2 27 Hz
bandwidth
Bias routing Tip routing

The calibrated CPD value of the nanoparticles is related to the work function of cantilever

tip and work function of nanoparticles by the Equation 3:

_ (Wrip — Wip)
e Equation 3

CPD

where Wr;, and Wyp are the work functions of cantilever tip and the nanoparticles,
respectively. e is the absolute value of the elementary charge. Based on this relation, the changes

in CPD and work function are of opposite sign.
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4.2.3 Current mapping and 1V spectroscopy

Current mapping and IV spectroscopy characterization under PF TUNA mode was
performed using Bruker Multimode 8 atomic force microscopy (AFM) under ambient atmosphere
with relative humidity of less than 40%. Olympus conductive tip (ACM240TM) is made up of
Antimony n-doped silicon (Si) tips of 10-15 pm tip height with resonant frequency of 70 kHz and
spring constant of 2 Nm*. ACM240TM were utilized for all current measurements. The tip is
coated with a layer of Pt/Ir, which may potentially wear off upon multiple scanning and excessive
applied sample bias. For accuracy and consistency purposes, all images of the monometallic and
bimetallic nanoparticles in a particular series were measured using a new cantilever tip. It is
important to note that the nominal tip radius of the ACM240TM is 15 nm and it might increase to
a maximum value of 20 nm due to the rounding effect after multiple usage, which might affect the
resolution of the topography and current measurements. For current mapping, the parameters used
are listed in Table 10. In order to perform IV spectroscopy, the cantilever tip was ramped on the

nanoparticles with a linear voltage sweep from0to 5 V.

Table 10. AFM parameters for current mapping under PF TUNA mode.

AFM parameters Value
Scan size 1pm
Scan rate 0.5 Hz
Gain 10
Setpoint 0.1V
PeakForce 100 nm
amplitude
Sample bias OVand0.2V
Ramp begin 0
Ramp end 5V
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4.2.4 Two-point probe IV measurement

Bulk 1V linear sweep was performed using a Keithley 2450 sourcemeter source measure
unit (SMU) instrument. In order to etch away the MNPs and BNPs to reveal the FTO substrate,
dilute hydrochloric acid (0.1 M) was used, followed by acetone to remove the acid. Copper
adhesive tape was used as the connection to the positive and negative terminal. All measurements

were performed at room temperature and relative humidity of 25 °C and <40%, respectively.

4.2.5 High resolution- Transmission Electron Microscopy (HR-TEM) imaging and Energy

Dispersive Spectroscopy (EDS)

Transmission electron microscopy (TEM) lattice spacing and energy dispersive
spectroscopy elemental composition analysis of nanoparticles were carried out using a FEI Tecnai
G2 F20 instrument and the operation voltage is 200 kV. Samples preparation was performed using
a lamella preparation method via Helios Nanolab 600 Dual Beam Focused lon Beam Milling

System (FIB).

4.2.6 X-ray diffraction (XRD)

Crystallographic structure of MNPs and BNPs was characterized using Bruker D8
Discover X-ray diffractometer instrument with filter at 1.54 A. The diffraction angle was collected
with a 2 theta range between 20° to 80° with a fix scan rate of 0.02° per step and step size of 0.02°

per minutes.
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4.2.7 Field-emission scanning electron microscopy (FESEM)

Hitachi S-3400 11 was utilized to characterize the diameter and density of the MNPs and
BNPs. The specification used during FESEM imaging include; voltage: 15.0 kV, Magnification:
X70k and X300k, probe current: high. The distance between the sample and secondary electron

(SE) detector was maintained at 8 mm.

4.2.8 Ultraviolet-visible Spectroscopy (UV-Vis spectroscopy)

Absorption spectra of MNPs and BNPs on FTO were recorded using Agilent Cary 100

Ultraviolet-visible spectrophotometer between wavelength range of 200°to 900°.

4.2.9 Photoluminescence (PL) spectroscopy

Steady-state PL spectroscopy measurement of ZnO/ MNPs and ZnO/ BNPs were recorded
using LabRAM HR from Horiba Scientific with excitation wavelength of 325 nm with

specification as shown in Table 11.

Table 11. PL spectroscopy parameters.

Parameters Value
Range (hm) 200 - 900
Acquisition time (s) 5
Accumulation 2

RTD time (s) 5
Obijective NUV 40
Grating 600 gr/mm
ND Filter (%) 100

Hole 100

Range Ultraviolet

54



4.2.10 Raman spectroscopy

Raman spectroscopy measurement were recorded using LabRAM HR from Horiba
Scientific with excitation wavelength of 514 nm. The parameters used during the

characterization is as shown in Table 12.

Table 12. Raman spectroscopy parameters.

Parameters Value
Range (cm™?) 500 - 2000
Acquisition time (s) 5
Accumulation 2

RTD time (s) 5

Objective X50
Grating 1800 gr/mm
ND Filter (%) 100

Hole 100

Range Visible

4.2.11 Gamry Potentiostat (Photoelectrochemical measurement)

PEC measurements were performed with a potentiostat (Gamry Interface 1000E
Potentiostat) in a three-electrode system using 0.5 M sodium carbonate (Na.COsz) as the
electrolyte. The ZnO photo-anode, a Pt electrode, and an Ag/AgCI electrode were utilized as the
working, counter, and reference electrodes, respectively. To excite the sample, an external 500W
Xenon light source (CHF-XM-500W) coupled with an AM 1.5G filter (UV-Vis-NIR) was used
with light intensity of 100 mW cm2. Chronoamperometry (CA) measurement was conducted with
an applied bias of 0.4 V. Linear sweep voltammetry (LSV) was measured at a scan rate of 10 mV
st from-1.0to 1.2 V versus Ag/AgCl in the positive sweep direction. Electrochemical impedance
spectroscopy (EIS) was performed between frequencies of 0.1 Hz to 100 kHz with an applied AC

bias of 0.5V. All the measurements were performed in ambient condition.
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4.3 Theoretical Simulation

4.3.1 Molecular dynamics (MD) simulations

MD simulations of the BNPs formation were performed to understand the atomic diffusion
process. The initial model was set to mimic the deposition process of Ag and Au films as shown
in Figure S3(a). The interatomic potential was calculated by the embedded atom method (EAM)
proposed by [135], which can effectively describe the self-diffusion and impurity diffusion of fcc
metals, such as Ag and Au. The time scale of thermal diffusion at such low temperature in our
experiment is much larger than the capacity that MD simulation can achieve. In order to speed up
the diffusion time scales to be within those accessible to MD simulations, the initial model was
heated to 1400K for a period of time of 4 ns, and then gradually decreased the temperature to 600K

at a rate of 0.05 K/ps. The simulation work is collaborated with Dr. Kim Jung-Mu.

4.3.2 Electromagnetic Field Simulation

The electric field distribution profiles of Ag NPs and 0.25 Au/Ag BNPs were obtained
using a finite element method, FEM (HFSS ANSYS, Inc., USA) under excitation wavelength of
532 nm. The simulation was conducted by assuming a 56 nm of single Ag NPs and 50 nm of
Au/Ag BNPs growth on a FTO region. The estimated diameter for both NPs were obtained using
a HRTEM analysis. In the model, the dimension of whole layers was symmetry with the schematic
view. The light source was considered as a plane wave propagates along the -Z direction with a
polarization along the X direction. The simulation region including radiation box for boundary
condition is 200 %200 %200 nm? with a mean mesh volume of 0.01 nm?. The simulation work is

collaborated with Dr. Yu Hao, Dr Wu Bao and Dr Wu HengAn.
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Chapter 5 Result and Discussion

5.1 Phase 1: Fabrication of Au/Ag BNPs /FTO
5.1.1 Structural Characterization:

Structural analysis were performed to study the physical dimension, crystallographic
orientation plane, elemental composition and distribution of the synthesized MNPs and BNPs. In
order to synthesize Au/Ag BNPs, it is crucial that monometallic Au NPs and Ag NPs were
investigated with regards to their annealing temperature with a nominal film thickness of 10 nm.
The film thickness was determined based on the surface roughness of the substrate. The surface
roughness of the FTO substrate was determined to be 15.45 nm. If a thicker metal film thickness
as compared to the surface roughness was deposited, solid-state thermal dewetting process will
result in the formation of non-uniform size NPs, while a thinner metal film thickness as compared
to the surface roughness will result in the formation of uniform size NPs. The annealing
temperature during solid-state thermal dewetting is an important factor. Figure 9 shows the
FESEM images of the morphology with respect to different annealing temperature ranging from
200 °C to 450 °C. It is worthy to note that the electrical and optical properties of the FTO substrate
will be damaged if the annealing temperature exceed 500 °C. Solid-state thermal dewetting process
can be mainly categorized into several process, namely, initiation of cracks, propagation of cracks,
void growth and formation of nanoparticles. Based on Figure 9, at 200 °C, initiation of cracks were
observed for Au film, while both initiation and propagation of cracks occurred in Ag film. As the
annealing temperature increases to 250 °C, propagation of cracks occurred for Au film, while void
growth was observed for Ag film. Furthermore, at 300 °C, void growth was observed for Au film,

while the formation of fully spherical nanoparticles occurred for Ag film. As the temperature
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further increased above 300 °C, formation of fully spherical nanoparticles occurred for Au film,
while micro-particles were formed for Ag film at 350 °C. The formation of micro-particles is

undesirable as it diminishes the LSPR effect.
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Figure 9. FESEM image of monometallic Au NPs and Ag NPs thermally annealed at various

temperatures.
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A layer of Au/Ag BNPs was successfully deposited on FTO substrate via successive thin
film sputtering and solid-state thermal dewetting process. The detailed fabrication procedure
described in the experimental methods. The structural properties of BNPs were investigated by
varying the composition ratio, Cauag, OF Au and Ag (0.25, 0.43 and 0.67 Au/Ag). It is important to
systematically investigate the annealing temperature of Au/Ag deposited film as shown in Figure
10. The morphology of the Au/Ag BNPs shows initiation of cracks and propagation of cracks at
200 °C, void growth at 250 °C and formation of NPs at 300 °C. This is in accordance to the results
from Au and Ag as shown in Figure 9, which indicate that the annealing temperature of 300 °C is
sufficient to transform the deposited bi-metal films to NPs. Figure S4 displays the histogram plot
of the average diameter and its size distribution of MNPs and BNPs. As the Cauag decreases from
0.67 to 0.25 (Ag composition ratio increased), both the average diameter and interparticle spacing
increases linearly as observed in Figure 11. This further validates the Cauag within the BNPs as
Ag has a higher diffusion rate compared to Au, thus resulting in the increase of average diameter

and interparticle spacing as the Ag composition ratio increases.
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Figure 10. FESEM image of Au/Ag BNPs thermally annealed at various temperatures.
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Figure 11. Interparticle spacing and average diameter against the various composition.
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The crystallographic structure of the BNPs was confirmed by XRD. Overall, there were no
others impurity peaks being observed in the XRD spectrum as shown in Figure 12. The Bragg
reflection peaks are located at angles of 38.0° and 44.5° which can be indexed to (111) and (200)
lattice plane, respectively. Both Au and Ag element has the same diffraction peaks because of the
similar face centered cubic (FCC) structure and lattice constant. Furthermore, the ratio of the
diffraction peak intensity of (200) crystallographic plane to (111) plane was determined to be 0.12,
which indicate the dominance of the (111) plane. As a result, this indicates that (111) is the

predominant crystallographic plane in the MNPs and BNPs in this study.
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Figure 12. XRD spectrum of Au NPs, Ag NPs and various composition of Au/Ag BNPs. The

black asterisks indicate the peaks of FTO substrate.

. Figure 13(a) shows the formation of optimal 0.25 Au/Ag BNPs is validated using a high
resolution TEM and its corresponded EDS images in Figure 13(b). Few elements are detected
namely Ag, Au, Sn and O, whereas the observed Cu and Pt peaks attributed to Cu grid and Pt was
used for the preparation of lamella lift out process (refer to Figure S5). The images of sample

prepared from lamella method were subjected to cross-sectional EDS mapping. Interestingly, it
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was found that both the Au and Ag were distributed uniformly within the BNPs with Ag clusters
indicated by the red dotted circle as shown in Figure 13(c), suggesting relatively low annealing
process at 300°C promotes the inter-diffusion of Ag and Au atoms. Such low sintering temperature
for Au/Ag alloying is correlated to the melting temperature of Au/Ag being significantly lower
compared to the bulk values due to the nanoparticle size effect [136]. This finding is in accordance
to the previous report [137]. The detailed mechanism related to the formation of Au/Ag BNPs was
further confirmed via de-alloying method. Typically, the prepared sample was immersed in
concentrated nitric acid and the corresponded sample was then observed via HRTEM-EDS
mapping analysis as shown in Figure 13(d). It is found that the Ag was partially removed from the
crystal lattice of BNPs, evidencing the self-diffusion mechanism of as-growth BNPs via dewetting
approach. The alloying process of Au/Ag BNPs can be explained due to the low activation energy
of Ag compared to Au and the vacancy energy formation of Ag (1.10 eV) is higher than Au (0.83
eV) [137], therefore Ag atoms are more mobile and possess higher tendencies to diffuse into Au
vacancies. The diffusion of Ag NPs towards the surface of FTO after the annealing process also
can be related to a higher lattice matching between the ion Ag* and FTO as compared to Au* [138].
In addition, the results of MD simulation also show that the mean square displacement (MSD) of
Ag is slightly larger than Au as shown in Figure S3(b), indicating that the diffusion rate of Ag is
greater. Hence, a smaller energy tends to diffuse the Ag* towards the surface of FTO. In addition
to that, EDS analyses were performed to determine the element atomic ratio within the NPs in
comparison with the deposited Au and Ag film thickness ratio as shown in Figure 13(e) and Figure
13(f), respectively. It can be observed that the Au and Ag EDS atomic ratio corresponded well
with the deposited Au and Ag film ratio (Table S1), thus indicating that tunable Au/Ag BNPs

atomic ratio can be achieved by controlling the deposited Au and Ag film thickness ratio.
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Figure 13. (a) HRTEM images for 0.25 Au/Ag BNPs, corresponded (b) EDS mapping for sample
prepared and (c) Ag clusters within the BNPs. (d) EDS mapping of dealloyed 0.25 Au/Ag BNPs.

Individual metal film thickness and EDX atomic ratio of (e) Au and (f) Ag element.

5.1.2 Optical Characterization:

Figure 14 shows the absorbance spectra of the Au and Ag nanostructures at various
annealing temperatures using UV-Vis spectroscopy. It was observed that both Au film and Ag film
were unable to exhibit distinct surface plasmon resonance (SPR) peak as shown in Figure 14(a)
and Figure 14(b), respectively. As the annealing temperature increases to 200 °C, the emergence
of the SPR peak is due to the initiation and propagation of cracks on the metallic film for both Au
and Ag. As the metallic film transformed into nano-islands due to the void growth at 250 °C, the
SPR peak was blue-shifted. At 300 °C, a more prominent SPR peak was observed. Additional

increase in the annealing temperature above 300 °C resulted in no noticeable shift in the SPR peak
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for Au as the formation of NPs have been achieved and stabilized. Meanwhile, the SPR peak for
Ag diminished for annealing temperature above 300 °C, indicating that the nanoparticles have been
transformed into micro-scale structures which loses the SPR effect as the dimension of the
structure is larger than the wavelength of the incoming photons. Therefore, this further validated

that the optimal annealing temperature for both Au and Ag is 300 °C.
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Figure 14. Absorbance spectra for (a) Au and (b) Ag with various thermal annealing temperature.

Figure 15 shows the physical color changes of the samples, indicating a unique absorbance
spectra of the BNPs and MNPs. There are only single peaks observed in the absorbance spectra at
the visible region as shown in Figure 16(a). Typically, Ag NPs and Au NPs exhibited a prominent
measured SPR peak at 465 nm and 559 nm, respectively. The different SPR peaks of the metallic
NPs can be related to the material dependent effect. When the ratio of BNPs decreased from 0.67
to 0.25 (Ag ratio increased), a hypochromic shift (blue shift) was observed and justified via Mie
theory as shown in Figure 16(b). However, the distribution of the peaks were remained at the

interval between the element Ag and Au. Furthermore, the FWHM of the peaks were found to be
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varied with the ratio of BNPs. Au NPs have SPR phenomena active in the range from 500 to 650
nm, while Ag NPs is active in the range from 400 nm to 500 nm. However, Au/Ag BNPs result in
a broad peak that was observed in the lower visible wavelength region between 400 to 650 nm.
The combination of Au and Ag is responsible for the broadening of the LSPR, and it also increases
the imaginary component of dielectric function of metals. It also resulted in the formation of hot
electrons due to a fast rate of LSPR relaxation. It is worthy to note that the bimetallic 0.25 Au/Ag
NPs has broaden absorption spectrum as compared to Au NPs and Ag NPs. To gain further insight
on the elemental distribution of BNPs in this study, the absorption spectra trend of different BNPs
structures by other studies was considered. For instance, studies have shown that physical mixture
of monometallic Au NPs and Ag NPs resulted in two absorption peaks due to the SPR of Au and
Ag atoms, respectively [139]. Also, it was reported that no shift in the SPR peaks were observed
by altering the physical blending ratio, except the relative intensity of the two SPR peaks.
Furthermore, core shell structure with thin or thick shell thickness exhibited two SPR peaks (core
and shell) [26] or single SPR peaks (shell) [140], respectively. Therefore, the presence of only one
SPR peak and its shift with different elemental composition clearly support the formation of
alloyed Au/Ag BNPs, which corroborated with the EDS elemental distribution mapping in Figure

13(b).
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Figure 15. Physical images of the (a) Au NPs, (b) 0.67 Au/Ag BNPs, (c) 0.43 Au/Ag BNPs, (d)

0.25 Au/Ag BNPs, and (e) Ag NPs, with increasing Ag thickness fraction.
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Figure 16. (a) Normalized absorbance spectra for prepared samples and (b) surface plasmon

resonance graph against Ag atomic ratio.

5.1.3 Electromagnetic Field Simulation

To further verify the electrical field distribution and plasmonic properties of bimetallic

NPs, finite element method (FEM) was performed for sample Ag NPs and 0.25 Au/Ag BNPs. The
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data on the morphology and the size of Ag and 0.25 Au/Ag BNPs were obtained from experimental
measurements. Based on FEM simulations, Figure 17(a) and Figure 17(b) exhibit the electric field
distribution of a single Ag NPs and 0.25 Au/Ag BNPs on the surface of FTO at incident wavelength
of 532 nm. Compared to the single Ag NPs, it can be clearly observed that 0.25 Au/Ag alloy BNPs
display stronger E-field enhancement not only in the original locations around the semispherical
shape, but also E-field around the high-density Au NPs inside the BNPs. This result is in good
agreement with previous report [141], where Au/Ag BNPs exhibit higher electric field than Au
NPs and Ag NPs. Therefore, according to the FEM, it is confirmed that 0.25 Au/Ag BNPs have

great potential for SERS application.

0.25 Au/Ag BNPs

Ry

Figure 17. Simulation of electrical field distribution of (a) Ag NPs and (b) 0.25 Au/Ag BNPs using

FEM methods. The simulation work is collaborated with Dr. Kim Jung-Mu.

5.1.4 Electrical and Energy Band Characterization

Furthermore, the electronic states of 0.25 Au/Ag BNPs was further evaluated using XPS
analysis and compared to the reference sample of Ag NPs and Au NPs. The narrow scan spectra

for the element Ag and Au were plotted in Figure 18(a) and Figure 18(b), respectively. According
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to Table S3, the gaps between the 4f7,2 and 4fs;> peaks of Au (A=3.7 eV) as well as those between
the 3ds2 and 3ds; peaks of Ag (A=6.0 eV) are similar as the values for zero-valent Au and Ag
[142]. This result demonstrates that Au and Ag atoms exist in a zero-valent state in all prepared
nanoparticles. The binding energy position of monometallic nanoparticles were similar to their
corresponding bulk metallic state (84.0 eV for bulk Au and 368.2 for bulk Ag) as indicated by the
black dotted lines in Figure 18. There are no significant changes (approximately zero) in the orbital
splitting for the spectra of both Ag NPs and Au NPs in Figure 18(a) and Figure 18(b), respectively,
which indicates the ionization energy of Au and Ag remains unchanged. However, a negative and
positive core level shift was observed for 0.25 Au/Ag BNPs alloy, where Ag 3ds. shifts from 368.2
eV to 367.7 eV (Figure 18(a)) and Au 4f7;> from 84.0 eV to 84.2 eV (Figure 18(b)) as compared to
Ag NPs and Au NPs, respectively. The observation of positive and negative binding energy shifts
can be attributed to the formation of metal-metal bonds. This further confirms that sintering
process promotes an alloying formation of Au/Ag BNPs. The shifts of Ag 3ds.. to lower binding
energies in BNPs alloy can be associated to the electron transfer from the Ag to Au atoms because
of higher electron affinity of Au compared to Ag [143], thus decreasing the electron density of the
Ag. Meanwhile, the shifts of Au 4f7, is attributed to the reduced coordination number of Au atoms
and related to the degree of rounding of Au [144]. This occurrence can be related to the strong

electronic interaction between Au and Ag atoms within the crystal domain of BNPs.
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Figure 18. Narrow scan XPS analysis at specific region of (a) Ag 3dszand (b) Au 4f7 of Au NPs,

Ag NPs, and 0.25 Au/Ag BNPs.

To study the electrical properties of the BNPs, bulk current-voltage (1-V) characteristic
measurements were performed using a two point probe system as shown in Figure 19(a). A two
point probe system was used, instead of a four point probe system, to provide a relative comparison
of the resistance between the samples before proceeding to nanoscale electrical characterization.
The sheet resistance values are obtained using the resistance value extracted from the linear voltage
sweep results in Figure 19(a). It is important to note that the calculated sheet resistance of the
samples in Table S4 is based on the sheet resistance of FTO substrate (13 €/sq) provided by the
manufacturer as reference. Generally, formation of NPs on the FTO substrate resulted in the
reduction of resistance due to the large coverage of NPs acting as parallel conduction channels
connected in series with the FTO. As the equivalent resistance of any two resistors, in our case,
FTO and NPs, is always lower than the constituent resistances, the overall sheet resistance of FTO
with NPs will reduced. Furthermore, as the MNPs and BNPs are relatively large with an average
diameter ranging from 39 nm to 56 nm (Figure S4), the NPs are able to bridge any electrical

discontinuity at the grain boundaries on the FTO film, which has a root mean square (RMS)
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roughness of 15.2 nm +0.437 nm. According to Figure 19(b), for monometallic NPs, Ag NPs have
a lower sheet resistance compared to Au NPs. The reduction of sheet resistance by Ag NPs and
Au NPs as compared to pristine FTO are 63.4 % and 22.3 %, respectively. This is due to the fact
that Ag (111) has a lower work function of approximately 4.74 eV, as compared to Au (111) of
5.20 eV. The work function corresponds to the minimal energy required to remove an electron
from the metal atom. Hence, for Ag NPs, the probability of electrons having energy more than the
minimal energy required for electron transfer is higher than Au NPs. This explained the better

electrical conductivity of Ag NPs, and hence higher reduction of sheet resistance.

The calculated sheet resistance of the samples in Figure 19(b) shows a linear decreasing
trend as the Ag atomic ratio increases before slightly increases as the Ag atomic ratio reach 1.0.
Au NPs and Ag NPs have a sheet resistance of 10.11 Q/sq and 4.76 Q/sq, respectively. In the case
of BNPs, as the Ag composition ratio increases, the sheet resistance of the sample decreases.
Remarkably, 0.25 Au/Ag BNPs have the lowest sheet resistance of 4.63 Q/sq among the NPs. This
shows a 64.401% reduction of the sheet resistance as compared to the reference FTO. The
electrical conductivity is highly dependent on the type of metal. In general, Ag has a better
electrical conductivity compared to Au due to the lower work function. Therefore, as the Ag atomic
ratio increases, the resistance gradually decreases. However, Ag NPs have a higher resistance
compared to the optimal 0.25 Au/Ag BNPs, which might be due to the surface oxidation of Ag
NPs during the thermal annealing process. In this case, Au might potentially serve as a surface
oxidation mitigation agent for the BNPs. To further investigate the reduction of resistance, CAFM

and KPFM mapping were performed to study the nanoscale electrical properties.
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Figure 19. (a) Current against voltage bias using macroscopic two-point IV measurement. (b)

Sheet resistance against Ag atomic ratio.

5.1.5 Nanoscale Electrical Characterization

Before further analysing the electrical properties, terms such as contact potential difference
and work function must be clearly defined in this study. The contact potential difference (Vcpp)
can be defined as the difference in surface potential between cantilever tip and nanoparticles, and
work function corresponds to the minimal energy required to remove an electron from the metal
atom. It is important to note that the negative sign of the Vcpp indicates that a negative DC bias is
required to null the positively-charged cantilever tip during Fermi equilibrium [145]. Hence,
comparison of the surface potential difference was done using the absolute value. Figure 20 shows
the correlation between contact potential difference and work function with Ag atomic ratio. It can
be observed that the work function and Vcep decreases with the increase of Ag atomic ratio with
0.25 Au/Ag BNPs having the lowest value before increasing with Ag NPs. This shows that the
addition of optimal ratio of Au/Ag will lower the Vcpp and work function as compared to Ag NPs

during the thermal dewetting fabrication process.
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The in-depth electrical properties were evaluated using KPFM and CAFM to determine the
contact potential difference and the localized current of BNPs and MNPs. The detailed procedure
was highlighted in the appendix (Figure S7). Figure 21(a-c) show the AFM topography images for
sample Au NPs, Ag NPs and 0.25 Au/Ag BNPs. It was observed that fine-grain and homogeneous
distributed nanoparticles on the FTO substrate surface. Among all of the sample, 0.25 Au/Ag BNPs
possess a higher surface roughness value of 18.62 nm and the high surface roughness properties
of 0.25 Au/Ag BNPs could be beneficial to the higher amount of hot spots generated throughout
the surface that promising to enhance the SERS performance of the plasmonic BNPs alloy [146].
These results are in accordance with the FESEM analysis in Figure 21(d-f) depicts the KPFM
mapping of the sample. It is noted that 0.25 Au/Ag BNPs exhibited a lower Vcpp values of -99.16
mV as compared to Au NPs and Ag NPs of -245.90 mV and -118.88 mV, respectively. By utilizing
the Equation 3, the effective work function can be determined from the value of Vcpp and the
results are summarized in Table S2. The detail calculation of work function from Vcpp are
described in Figure S7. The value of work function (WF) for Au NPs and Ag NPs were calculated
to be 5.29 eV, and 5.18 eV, respectively. The WF of Au NPs is in good agreement with previous
report [147], meanwhile WF of Ag NPs is closed to the reported values as measured by KPFM
depending on the NPs size of Ag [148]. Meanwhile, the work function of 0.25 Au/Ag BNPs
exhibited slightly lower values of 5.16 eV compared to monometallic NPs, which is related to the
equilibrium position of Fermi level between Ag and Au [149]. Theoretically, Au NPs has a higher
work function (5.31 eV) [150] than Ag NPs (4.26 eV) [151]. Therefore, the work function of
Au/Ag BNPs should have a value between the theoretical range of 5.31 eV and 4.26 eV. However,
in this study, the measured work function of Au NPs and Ag NPs were 5.29 eV and 5.18 eV,

respectively. It is important to note that the work function of Ag NPs in this study were influenced
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by the Ag oxide formed on the surface of the NPs. Due to the inertness of Au element during the
thermal annealing process, the work function of Au NPs (5.29 eV) is comparable to the theoretical
value of Au which is approximately 5.31 eV. However, Ag element are not thermally stable under
ambient condition, hence, a layer of metal oxide (Ag oxide) were potentially formed on the surface
of Ag NPs upon thermal annealing at 300 °C under ambient condition[95, 152]. Theoretically, the
formation of Ag oxide on the Ag resulted in the increased of work function by approximately 0.96
eV [153] from 4.26 eV to 5.22 eV, which is comparable to the value (5.18 eV) measured in this
study. As a result, the work function of Ag NPs (5.18 eV) is higher compared to the theoretical
value of Ag. Therefore, 0.25 Au/Ag BNPs has the ability to suppress Ag oxidation with the
presence of Au, thus slightly lower work function (5.16 eV) compared to Ag NPs (5.18 eV).
Meanwhile, the alloying of the Ag element with Au element within the BNPs gives lower work

function (5.16 eV) than Au NPs (5.29 eV).

Furthermore, the localized current mapping for all of the sample were performed using
CAFM and the results are presented in Figure 21(g-i). During the measurement, the average drift
current of the sample was collected by applying a positive sample bias of 0.2 V. It was observed
that Au NPs displayed a smallest current as compared to Ag NPs which are 27 pA and 78 pA,
respectively, while, 0.25 Au/Ag BNPs displayed the highest drift current value of 507 pA, thus
signifying the highest concentration of free charge carrier and effective charge transfer in BNPs.
In addition to that, IV spectroscopy shows that 0.25 Au/Ag BNPs exhibited linear 1V behaviour in
the forward and reverse bias (Figure 21(j)) which indicate the possible direct tunneling of the
electrons across the potential barrier. To further validate the electrical enhancement, the histogram
in Figure 21(K) displays the overall surface potential distribution, which indicate that 0.25 Au/Ag

BNPs has the lowest overall surface potential, hence lowest work function.
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Figure 21. The AFM topography and the corresponding localized electrical properties measured
using KPFM and CAFM for specific samples of Ag NPs (a,d,g), Au NPs (b,e,h) and 0.25 Au/Ag
BNPs (c,f,i). IV spectroscopy and surface potential histogram performed using CAFM and KPFM,

respectively.
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5.2 Phase 2: SERS of Au/Ag BNPs /FTO

5.2.1 Enhancement Factor of Congo Red Dye Molecules

To further investigate the plasmonic properties of bimetallic 0.25 Au/Ag NPs, surface
enhanced Raman spectroscopy (SERS) using Congo red (CR) dye with concentration of 5uM as
the Raman active probe was performed as shown in Figure 22(a). The observed Raman band at
1155 cm™ (N-C stretching mode), 1375 cm™ to 1452 cm™ (N=N stretching mode) and 1595 cm™*
(phenyl ring mode) can be attributed to the molecular structure of CR. Based on Figure 22(b), it
was observed that bimetallic 0.25 Au/Ag BNPs exhibited a much stronger and better resolved
spectrum than that of other MNPs and BNPs with enhancement factor of 1.60 x 107, compared to
8.64 x 10° (0.43 Au/Ag BNPs), 4.71 x 108 (0.67 Au/Ag BNPs), 9.44 x 10° (Ag NPs), and 3.56 x
10° (Au NPs) at Raman band of 1155 cm™. The enhancement factor of 0.25 Au/Ag BNPs is 46%
and 71% higher compared to 0.43 Au/Ag and 0.67 Au/Ag, respectively, thus indicating that
increased Ag atomic ratio in Au/Ag BNPs exhibits enhanced plasmonic properties. This finding is
accordance with the trend in E-field enhancement of 0.25 Au/Ag BNPs based on FEM simulation
(Figure 17(a) and Figure 17(b)). Detailed calculation of the enhancement factor can be found in
the supporting information (using Equation S3). The enhancement can be attributed to electronic
ligand effect in BNPs and localized electric field enhancement. As the WF of Ag (5.18 eV) is
smaller than Au (5.29 eV), which will be further discussed in the following section, the Au atoms
within the bimetallic NPs have a strong electronic effect on the surface of the Ag atom by charge
transfer, thus causing the surface of Ag atoms neighbouring Au atoms to become more active as
the Ag atomic ratio increased. Charge transfer between the NPs and the Raman probe molecules
occurred during the adsorption process, hence resulting in the formation of a low-energy
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absorption band. This absorption band represents the electronic transition from the Fermi level of
the NPs to the lowest unoccupied molecular orbital (LUMO) of the Raman probe molecules. Based
on the results obtained from KPFM and CAFM, 0.25 Au/Ag BNPs exhibited higher Fermi level
compared to Ag NPs, and followed by Au NPs. This claims reflected that the electrons in 0.25
Au/Ag BNPs are dominantly excited from the metal conduction band to the LUMO of the

molecules upon laser irradiation during SERS analysis.
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Figure 22. (a) SERS spectra for samples detected via Congo red (A laser= 532 nm). (b) Table of

SERS enhancement factor for samples calculated using the SERS spectra.

5.2.2 Detection Sensitivity of Rhodamine B (R6B) Dye Molecules

In addition to that, the sensitivity of SERS of 0.25 Au/Ag BNPs was also performed under
the R6B dye detection. It is noted that the 0.25 Au/Ag NPs exhibited an excellent sensitivity to the
dye material and the results are depicted in Figure 23(a). The dominant peaks of R6B are detected

at 619 cm?, 1193 cm?, 1275 cm™, 1354 cm™, 1504 cm®, 1523 cm?, and 1642 cm™ [154]. To
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confirm the detection signal, the R6B was tested under the bare FTO substrate. There is no signal
originated from R6B are detected (refer to Figure S6, affirming the SPR properties from
synthesized BNPs sample. Moreover, the detection limit of R6B on the 0.25 Au/Ag BNPs was
tested in the different of concentration ranging from 0.01 mg/L to 10 mg/L. Surprisingly, the
prepared bimetallic sample is able to enhanced the SERS signal of R6B when the concentration is
set in a very low limit of 0.10 mg/L as shown in Figure 23(b). These results indicate the

effectiveness of 0.25 Au/Ag BNPs served as a potential materials apply in SERS detector

application.
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Figure 23. (a) Sensitivity of R6B SERS detector using 0.25 Au/Ag BNPs (A laser= 532 nm). (b)

Narrow scan of 1650 cm™ peak.

5.3 Phase 3: Synthesis of Au/Ag BNPs/ ZnO/ FTO

5.3.1 Surface Morphology of Au/Ag BNPs/ ZnO/ FTO by FESEM

Figure 24 shows the FESEM imaging of pristine ZnO, Au-ZnO, 0.67 Au/Ag-ZnO, 0.43

AU/Ag-Zn0O, 0.25 Au/Ag-Zn0O, and Ag-ZnO. It is important to note that the atomic ratio of BNPs
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deposited on ZnO thin film was determined to be similar as the BNPs deposited on FTO (Figure
13(e) and Figure 13(f)) due to the similar fabrication parameters. As observed in all the images in
Figure 24, the spin-coated ZnO nanoparticles thin film have a wide and uniform coverage on FTO
substrate, thus forming a continuous thin film. It is important to note any discontinuous defect of
the ZnO film will result in the recombination of electron-hole pairs and shorting in the PEC device
due to the exposed FTO. This is because ZnO functions as a photo-anode semiconductor layer
which enabled generation of electron-hole pair charge carrier upon photon excitation. Therefore,
it is crucial to ensure that the ZnO layer forms a continuous film. The thickness of the ZnO thin
film is approximately 200 nm based on cross-sectional FESEM imaging. To further analyse the
film structural properties of the ZnO film, AFM characterization is utilized to map the morphology
of the film as observed in Figure 25. It can be observed that ZnO nanoparticles formed a continuous
grainy-textured layer on the surface plane as shown in the insets of Figure 25, as opposed to the
FESEM and AFM topography of FTO substrate (smooth plane) as shown in Figure S8.
Furthermore, the root mean square (RMS) surface roughness of the ZnO film were characterized
under different deposition of metallic NPs. It was observed that the surface roughness value of
ZnO film increases as the Ag composition ratio of the BNPs increases. As the fabrication method
of Au/Ag BNPs remained the same, the atomic ratio of Au/Ag loaded on ZnO was determined to
be similar to the values obtained from the Au/Ag loaded on FTO indicated by EDS characterization

in Figure 13e and Figure 13f.
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Figure 24. FESEM images of (a) Pristine ZnO, (b) Au NPs-ZnO, (c) 0.67 Au/Ag BNPs-ZnO, (d)
0.43 Au/Ag BNPs-ZnO, (e) 0.25 Au/Ag BNPs-ZnO, and Ag NPs-ZnO. Scale of 300 nm indicated

by the black line.
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Figure 25. AFM topography images (a) Pristine ZnO, (b) Au NPs-ZnO, (c) 0.67 Au/Ag BNPs-
ZnO, (d) 0.43 Au/Ag BNPs-ZnO, (e) 0.25 Au/Ag BNPs-ZnO, and Ag NPs-ZnO. The Inset shows

the 3D topography mapping.
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5.3.2 Crystallographic orientation by XRD

XRD analysis were performed to characterize the crystal orientation of the ZnO. For the

XRD analysis of all ZnO thin film with different Au/Ag BNPs as shown in Figure 26, the Bragg

reflection peaks are located at angles of 34.0° and 38.0°, which corresponds to lattice spacing of

2.63 Aand 2.37 A respectively, and can be indexed to (002) and (111) lattice plane, respectively.

While the (002) diffraction peaks indicate a c-oriented ZnO film, the (111) diffraction peaks

exhibit face centered cubic (FCC) structure for Au-Ag BNPs. This indicates that the SSTD is a

reliable fabrication method as the crystal orientation of Au/Ag BNPs remain unchanged under

different underlying material.
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Figure 26. XRD patterns of pristine ZnO, Au NPs/ ZnO, 0.67 Au/Ag BNPs/ ZnO, 0.43 Au/Ag

BNPs/ ZnO, 0.25 Au/Ag BNPs/ ZnO, and Ag NPs/ ZnO. The black asterisks indicate the

crystallographic peak of FTO substrate.
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5.3.3 Absorption Spectra by UV-Vis spectroscopy

In order to understand the enhancement by the metallic nanoparticles, the absorption
spectra of ZnO with different ratio of Au/Ag BNPs integrated beneath the ZnO thin film was
analysed as shown in Figure 27. It was observed that the SPR of the metal nanoparticles without
the active layer are: Au NPs-ZnO (622 nm), 0.67 Au/Ag-ZnO (580 nm), 0.43 Au/Ag-ZnO (558
nm), 0.25 Au/Ag-ZnO (536 nm), and Ag-ZnO (513 nm). As the Ag composition ratio increased,
a blue shift of the SPR wavelength was observed which is in accordance to the dominance of the
metal type with higher composition ratio in a BNPs. This observation is in accordance to the

absorption spectra observed in Figure 16.
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Figure 27. Absorption spectra of pristine ZnO, Au NPs/ ZnO, 0.67 Au/Ag BNPs/ ZnO, 0.43

Au/Ag BNPs/ ZnO, 0.25 Au/Ag BNPs/ ZnO, and Ag NPs/ ZnO.
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5.3.4 Charge Transfer by photoluminescence (PL) spectroscopy:

PL measurements were performed to study the rate of electrical charge generation,
separation, and transfer of the Au/Ag-ZnO photo-anodes containing BNPs with different Cawagas
shown in Figure 28. All the spectra revealed two emission bands located at the UV region and the
visible region. During photo-excitation with energy equivalent or greater than the band gap of
ZnO, the electrons in the valence band were excited to the conduction band, whereby the electrons
can be separated from the holes or undergo recombination process with the holes. The distinct UV
emission band (385 nm) has been commonly attributed to the excitons (electron-hole pairs)
emission band which is due to the radiative recombination of excitons, while the broad visible
band (peaked at 585 nm) ranges from 500 to 600 nm has been assigned to the recombination of
photo-generated holes originated from intrinsic defects such as oxygen vacancies and Zinc
interstitial [155]. The increased in PL intensity of the UV region can be attributed to the increased
generation of excitons, which indicates more electron-hole pairs are available for the separation
process during photo-excitation. On the other hand, the increased in PL of the visible region are
commonly associated with the increased recombination of electrons, suggesting that more surface
defects or trap sites were present which prevent the separation of excitons, hence potentially
leading to poor photo-activity performance. Therefore, it is crucial to achieve a high UV emission,
as well as maintaining a low visible emission for enhanced PEC performance. Based on Figure 28,
it can be observed that 0.25 Au/Ag BNPs exhibited the lowest visible emission to UV emission
ratio of 0.14. This can be explained by the results from UV-Vis spectroscopy and nanoscale
electrical characterization which indicated that 0.25 Au/Ag BNPs exhibited broaden and enhanced
photo absorption spectra, as well as the formation of a suitable Schottky barrier with ZnO that

prevent the recombination of electrons. This suggests that integration of optimal Cawag IS capable
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of increasing the generated excitons, as well as resulting in the reduction of the recombination of
excitons. In order to determine the photo-activity, PEC measurements such as chronoamperometry
(CA), linear sweep voltammetry (LSV), as well as electrochemical impedance spectroscopy (EIS)

were further conducted.
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Figure 28. Steady-state photoluminescence spectroscopy of pristine ZnO, Au NPs/ ZnO, 0.67

Au/Ag BNPs/ ZnO, 0.43 Au/Ag BNPs/ ZnO, 0.25 Au/Ag BNPs/ ZnO, and Ag NPs/ ZnO.

5.4 Phase 4: Photoelectrochemical (PEC) Measurement of Au/Ag BNPs/ ZnO/ FTO

5.4.1 Chronoamperometry (CA)

The photo-activity of the synthesized ZnO photo-anode versus time has been measured
under AM1.5 and visible illumination as shown in Figure 29(a) and Figure 29(b), respectively,

using a CA technique in a fixed anodic bias of V=0.4 V. The measured photo-current was stable
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over time as shown in Figure S9, which indicated that photo-generated holes are in close contact
with electrolyte, thus resulting in efficient water oxidation reaction. Wavelength encompassing the
visible and UV-Vis region were utilized, namely visible and AML1.5 filters, to study the photo-
excitation of Au/Ag BNPs, as well as both Au/Ag BNPs and ZnO, respectively. Under AM1.5
illumination, integration of NPs to the ZnO resulted in the increased of photocurrent density, with
0.25 Au/Ag-ZnO exhibiting the highest increased in photocurrent density from 4.0 uA cm
(pristine ZnO) to 7.3 uA cm™ as shown in Figure 29(a), which indicates an enhancement of
approximately 80%. Meanwhile, under visible illumination, 0.25 Au/Ag-ZnO also displayed the
highest photocurrent density as compared to the other photo-anodes, while pristine ZnO exhibited
zero photocurrent density as shown in Figure 29(b). This indicates that integration of 0.25 Au/Ag
BNPs have extended and enhanced the photocurrent of the photo-anodes into the visible region

due to the LSPR effect.
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Figure 29. Chronoamperometry (CA) under (a) AM1.5 and (b) visible illumination. All
measurements were recorded in 0.5 M Na>CO3 electrolyte solution under 1 Sun illumination (with

an intensity of 100 mW/cm?). Pristine indicates ZnO without NPs.
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5.4.2 Linear sweep voltammetry (LSV)

Figure 30(a) and Figure 30(b) shows the LSV under AML1.5 and visible illumination,
respectively. In regards to this, 0.25 Au/Ag-ZnO resulted in a significant increase of approximately
4.7 and 2.2 factors (at 1.0V vs Ag/AgCI) as compared to Au-ZnO and Ag-ZnO, respectively. In
this case, the role of NPs is to facilitate charge transfer to the semiconductor which eventually
resulted in an enhanced photocurrent. Both the combination of Au and Ag in BNPs increases the
electron density around the ZnO photo-anode and the SPR-excited form of bi-metals enhances the
electron transfer from BNPs to the ZnO semiconductor. These results are in accordance to the

electrical conduction shown in Figure 19.
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Figure 30. Linear sweep voltammetry (LSV) under light with (a) AML1.5 and (b) visible
illumination. All measurements were recorded in 0.5 M Na2COs electrolyte solution under 1 Sun

illumination (with an intensity of 100 mW/cm?). Pristine indicates ZnO without NPs.
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5.4.3 Electrochemical impedance spectroscopy (EIS)

In addition to that, EIS is a powerful method for studying electrode charge transfer
properties. EIS measurement exhibited single arc which suggest that surface charge transfer is the
sole process occurring and the arc diameter is inversely proportional to the charge separation of
charge carriers. In this case, 0.25 Au/Ag-ZnO exhibited the smallest arc diameter among the
synthesized photo-anodes as shown in Figure 31(a) and Figure 31(b) under AM1.5 and visible
illumination, respectively. The smaller arc gives lower impedance, therefore fast interfacial charge
transport with effective charge separation and longer charge carrier lifetime, thus reduce charge
recombination rate. This leads to higher photocurrent generation as shown in the CA and LSV
results in Figure 29 and Figure 30, respectively. The corresponding circuit model of charge transfer
in the BNPs-ZnO photo-anodes is shown in Figure 32. Constant phase element (CPE) was utilized
to better analyse the data on account of the non-ideal capacitance (C) behaviour of the
nanostructure surface of the metal nanoparticles and ZnO. In the correspondent circuit model, Ry
represents the solution resistance. R and C; are the charge transfer resistance and capacitance of
0.25 Au/Ag BNPs, respectively. Rz and CPE; are the charge transfer resistance and constant phase
element (CPE) of the particle spacing within the BNPs, respectively. Meanwhile, Rsand CPE; are
the charge transfer resistance and constant phase element of ZnO, respectively. The fitting results
obtained from the EIS measurement were presented in Table S5. By corroborating the UV-Vis
absorption, KPFM, CAFM, PL, as well as the PEC results, the high photo-activity of 0.25 Au/Ag-
ZnO was contributed by the combination of: (i) optimal Cauag increases the electrical conduction
and broaden the LSPR wavelength, (ii) the tunability of the Schottky barrier which improves

electron-hole pair separation rate, and (iii) the high charge transfer efficiency at the interface
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between the sample and electrolyte. The proposed mechanism will be highlighted in the next

section to further understand the enhancement mechanism behind Au/Ag BNPs.
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Figure 31. Electrochemical impedance spectroscopy (EIS) under light with (a) AM1.5 and (b)

visible illumination. All measurements were recorded in 0.5 M Na>COs electrolyte solution under

1 Sun illumination (with an intensity of 100 mW/cm?). Pristine indicates ZnO without NPs.
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The performance of the ZnO photoanodes can also be quantitatively determined through
the efficiency of converting photon energy to chemical energy, which is commonly known as
photoconversion efficiency. By utilizing the LSV data in Figure 30(a), the photoconversion
efficiency, n of the photoanodes can be estimated from the expression: n = [Ij X Vg —
Vyias )] /Puigne;[156] where [; is the photocurrent density (mA/cm?), V., is the standard state-
reversible potential (which is 1.23 V versus normal hydrogen electrode (NHE)), Py p, is the
incident power density (100 mW/cm?), and V,;,s is the applied potential. The V,;,s can be
expressed as Vyias = Vinea — Vooc,» Where 1., is the potential of working electrode (versus
reversible hydrogen electrode (RHE)) at which photocurrent is measured under illumination and
¢ 1S the potential of working electrode (versus RHE) measured under the same irradiation under
open-circuit conditions. Based on Figure 33, under AM 1.5G illumination the obtained maximum
n of 0.25 Au/Ag-ZnO was approximately 0.033 % at 0.3 V (versus RHE), which is much higher
than the values on pristine ZnO (0.005 %), Au-ZnO (0.013 %) and Ag-ZnO (0.023 %). It is worthy
to note that the calculated photoconversion efficiency can only be used as an approximation on the
performance of the individual photoanodes, and not the overall PEC cell performance.
Nevertheless, incorporation of 0.25 Au/Ag BNPs on the ZnO photoanodes demonstrated the
highest photoconversion efficiency which is in agreement with the CA measurements shown in

Figure 29.
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Figure 33. Photoconversion efficiency against applied potential curves for 0.25 Au/Ag, Au NPs,

Ag NPs and pristine ZnO photoanode.

5.4.4 Proposed Mechanism

The proposed mechanism of Au/Ag BNPs integrated on ZnO based photoanode was shown
in Figure 34. Figure 34(a) shows that valence electrons are excited from the valence band (Evs) to
the conductance band (Ecg) of ZnO upon UV illumination. However, when Au/Ag BNPs were
deposited on ZnO, electron transfer from both Au and Ag to ZnO occurred until the whole system
reach Fermi equilibrium due to the redistribution of the free electrons across the Au/Ag BNPs-
ZnO interface, thereby forming a Schottky barrier. In this case, the Schottky barrier exhibited a
downward bending characteristic as the Fermi level of ZnO is located below than that of Au and
Ag because of ZnO (5.2 eV) having a larger work function than Au (5.1 eV) and Ag (4.6 eV).
Subsequently, the photo-generated electrons move freely from the Ecg to Au or Ag because the
newly-shifted Ecs is located higher than the Fermi energy level upon reaching Fermi equilibrium
as shown in Figure 34(b). As pointed out on the basis of Figure 21(d)-(f), Vcro of the NPs

demonstrated relative Schottky barrier height (Esgn) tuning at the interface; for instance, the Vcep
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of 0.25 Au/Ag BNPs has been decreased to -99.16 mV as compared to -245.90 mV (Au NPs) and
-118.88 mV (Ag NPs). As a result, an increased in e~ h* pairs separation and transfer were
observed via EIS characterization as shown in Figure 31(a) and Figure 31(b). In addition to the
electrical tuning by Au/Ag BNPs, absorption spectra demonstrated tuning of the LSPR peaks in
the visible region as shown in Figure 16(a). From this point of view, upon visible illumination, the
surface plasmon of Au/Ag BNPs are excited (Figure 34(c)) and the highly energized electrons are
injected back into the Ecgto be extracted by the electrode as shown in Figure 34(d). However, due
to the lowest EsgH exhibited by 0.25 Au/Ag BNPs, more excited electrons with energy greater than
the Esgn are generated as shown in the CA plots in Figure 29(a) and Figure 29(b). Furthermore,
the charge transfer improvement are also influenced by the conduction of electrons across the NPs
as indicated by the LSV in Figure 30(a) and Figure 30(d). These results supported the improvement
of charge transfer via increased e~ h* pairs separation and enhanced visible light SPR effect by
integrating 0.25 Au/Ag BNPs on the ZnO photo-anodes. With all of the above findings, the effect
of composition ratio of Au/Ag BNPs on the overall electrical and optical properties on

Photoelectrochemical performance was established.

EV
@2«00 o
Electrons @ .
E, @ Oq Visible
1 Ea) 1O 01
F

Eve °Ho|es
— ™

Semiconductor | Au/Ag BNPs
Zn0O

91



Figure 34. Electron flow between ZnO and Au/Ag BNPs upon illumination. Upon UV
illumination, (a) electrons are excited from the valence band (Evg) to conductance band (Ecg) and,
subsequently, (b) ease of transfer to the Au/Ag BNPs without requiring extra energy as the Fermi
level (Ef) is located below the Ecg, which resulted in suppressed charge recombination. Upon
visible illumination, (c) localized surface plasmon resonance phenomena results in energized

electron clouds at the NPs surface. (d) The energized electrons are then injected to the Ecg of ZnO.

Chapter 6 Conclusion

In conclusion, this study explored the facile solid-state fabrication method of Au/Ag BNPs
via solid-state thermal dewetting method and their contribution of plasmon-induced charge
separation and electrical conduction in plasmonic applications. To ensure the complete formation
of nanoparticles, Au and Ag are investigated individually and the ideal annealing temperature is
determined to be 300 °C. The optical, electrical and PEC properties of the Au/Ag BNPs were
systematically characterized by tuning the compositional ratio. In regards to this, 0.25 Au/Ag
BNPs was found to exhibit enhanced electrical and optical properties as compared to other MNPs
and BNPs. It was observed that Au and Ag elements are uniformly distributed in the BNPs,
forming an alloyed nanostructure as indicated by HRTEM-EDS mapping. The SPR peak of the
BNPs exhibited a blue shift as the Ag composition ratio increase and a broad absorbance
enhancement spectra width in visible light spectrum from 451 nm to 614 nm which encompasses
the spectra width of monometallic Au NPs and Ag NPs was observed. This can be attributed to the
Au and Ag elements being uniformly distributed in the BNPs, forming an alloyed nanostructure

as indicated by HRSTEM-EDS mapping. To validate the plasmonic performance, SERS of Congo
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red molecules indicate that 0.25 Au/Ag BNPs has the highest enhancement factor of 1.60 x 107
and exhibited high sensitivity of Rhodamine B molecules with low concentration of 0.1 mg/L. In
terms of electrical conduction, KPFM and CAFM displayed the lowest contact potential difference
of -99.157 mV and highest drift current of 507 pA, indicating efficient charge transport by 0.25
Au/Ag BNPs due to the lowered Schottky barrier height. PEC measurement shows improvement
of photocurrent density, enhanced charge transfer and reduction in resistance indicated by CA,
LSV and EIS, respectively. The enhancement in PEC can be mainly attributed to enhanced photo
absorption and charge carrier separation due to LSPR and hot electron injection. This study
suggests that optimized Au/Ag composition ratio of BNPs is able to exploit the enhanced electrical
conduction and LSPR, leading to improved charge carrier separation and photon absorption upon

photon excitation in PEC and SERS application.
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Chapter 7 Recommendation for Future Work:

According to the findings of this research, there are tremendous potential and development
that could be observed in this field. Based on the findings in this thesis, it was determined that the
formation of Au/Ag BNPs with optimized composition ratio can significantly enhance the
plasmonic performance of applications such as SERS and PEC water splitting. Thus, the future
work of this research would emphasize on the real-life applications to achieve potential industrial

and commercial application.

The stability of the developed BNPs is one of the most concern aspects in an industrial and
commercial applications. The present SERS and PEC experimental works were conducted using
prepared dye solution and 0.5M Na>COs buffer solution, respectively. However, real life
application of SERS and PEC are commonly performed using contaminated water that often
contains various organic compounds and saltwater, respectively. Therefore, it is crucial to conduct
the experiment in contaminated water and saltwater to observe the effect of water quality towards

the SERS and PEC performance, respectively.

In addition, it is of paramount importance the developed BNPs are photoactive and

correspond well with the photon spectrum of direct natural sunlight. In this current work, the PEC
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water splitting experiments were performed using of a Xenon arc lamp coupled with an AM 1.5
filter to simulate the photon spectrum of sunlight. Thus, natural sunlight could be employed in the
PEC experiment to improve the significance of this research. Furthermore, other crucial PEC water
splitting reaction parameters, such as reaction temperature and pH should be carried out for the

future work to fully understand the contribution by the BNPs.

Finally, the properties of the materials used in BNPs are important in determining the
enhancement efficiency in SERS and PEC water splitting. Hence, the research and development
of new materials should be conducted to improve the optical and electrical properties. The full
understanding of the design and fabrication method, as well as research based on theoretical

calculations would be beneficial in exploring these new materials of BNPs.
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Figure S1. Film thickness calibration of (a) Au and (b) Ag using AFM thickness measurement.
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Figure S2. KPFM calibration using (a) highly orientated pyrolytic graphite (HOPG) and (b)
surface potential histogram for HOPG. (c) Au-Si-Al standard sample and (d) surface potential

histogram for Au-Si-Al standard sample.
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Figure S3. (a) Initial model showing the deposition process of Ag and Au films and (b) Mean
square displacement (MSD) of Ag and Au. (c) Molecular dynamics simulation showing the
element distribution of 0.25 Au/Ag BNPs. The simulation work is collaborated with Dr. Yu Hao,

Dr Wu Bao and Dr Wu HengAn.
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Figure S4. Histogram plot showing the average diameter and its distribution of monometallic (a)

Au NPs, (b) 0.67 Au/Ag BNPs, (c) 0.43 Au/Ag BNPs, (d) 0.25 Au/Ag BNPs, and (e) Ag NPs.
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Figure S5. Energy dispersive spectroscopy (EDS) spectrum of 0.25 Au/Ag bimetallic

nanoparticles. Few elements are detected namely Ag, Au, Sn and O, whereas the observed Cu and
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Pt peaks attributed to Cu grid and Pt was used for the preparation of lamella lift out process,

respectively.
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Figure S6. SERS signal of 0.01 mg/L R6B detected using 0.25 Au/Ag BNPs under different
irradiation power of 5 mW and 10 mW, and (b) is the SERS respond of R6B detected using a bare

FTO substrate.

Figure S7. Schematic diagram illustrates the work function (WF) and contact potential difference

(CPD) after electrical contact between FTO and 0.25 Au/Ag BNPs.
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In KPFM, the oscillating conductive tip is utilized as the reference electrode of a Kelvin probe. As
the tip approaches the sample surface, a capacitor is formed, and the contact potential difference
(CPD) between the two electrodes results in an electrostatic tip-surface force. Thus, the CPD value

can be determined by applying a direct current (DC) voltage to nullify the electrostatic force.

The surface potential or CPD of the NPs and BNPs can be estimated using the following relation

[157]:
Contact Potential Difference (CPD) = (WFtip — WFnps) / € Equation S1

where WFp is the work function of cantilever tip, WFnes is the work function of the NPs, and e is

the elementary charge.

10.0kV 8.5mm x70.0k SE(UL)

200.0 nm

Figure S8. (a) FESEM image of the FTO substrate. (b) AFM topography images of FTO substrate.

The inset shows the 3D topography mapping.
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Figure S9. Photo-stability measurement of 0.25 Au/Ag-ZnO photo-anode under AM 1.5 using

0.5 M Na.COs electrolyte solution with 1 Sun illumination (with an intensity of 100 mwW/cm?).
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Appendix B: Tables

Table S1. List of thickness of deposited film before the dewetting process and EDS atomic ratio

of the synthesized film.

Sample Thickness of deposited film  EDS atomic ratio
(nm)
Au Ag Au Ag
Ag NPs 0 10 0 1.00
Au NPs 10 0 1.00 0
0.25 Au/Ag BNPs 2 8 0.24 0.76
0.43 Au/Ag BNPs 3 7 0.34 0.66
0.67 Au/Ag BNPs 4 6 0.43 0.57

Table S2. List of work function and contact potential difference, Vcpd of monometallic and

bimetallic nanoparticles measured using KPFM analysis.

Sample Work Function (eV) Vepd (MV)

Ag NPs 5.18 -118.88

Au NPs 5.29 -245.80
0.25 Au/Ag BNPs 5.16 -99.16
0.43 Au/Ag BNPs 5.21 -124.27
0.67 Au/Ag BNPs 5.26 -154.50
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Table S3. X-ray photoelectron spectroscopy (XPS) binding energy peak positions of Au (4f7 and

4fs2) and Ag (3ds2and 3dap).

Sample Au Ag
Af71 Afsp 3dss2 3das
Au NPs 84.0 87.7 n/a n/a
0.67 Au/Ag BNPs 84.1 87.8 368.1 374.1
0.43 Au/Ag BNPs 84.1 87.8 367.9 373.9
0.25 Au/Ag BNPs 84.1 87.8 367.7 373.7
Ag NPs n/a n/a 368.2 374.2

Table S4. Results from measurement and calculation of sheet resistance of FTO, Au NPs and Ag

NPs, and Au/Ag BNPs.

Sample V (V) I (A) Sheet Resistance (Q/sq)
FTO 2 0.029931 13.00
Au NPs 2 0.038498 10.11
0.67 Au/Ag BNPs 2 0.05244 7.42
0.43 Au/Ag BNPs 2 0.058989 6.60
0.25 Au/Ag BNPs 2 0.084078 4.63
Ag NPs 2 0.081723 4.76
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Table S5. Fitting results from the electrochemical impedance spectroscopy (EIS) measurements.

Sample R, R, R, R, C, (F) | CPE: | CPE;
(ohm) | (ohm) | (ohm) | (ohm) F @)

0.25 Au/Ag-ZnO | 4.627 | 4376 |15.19 4,585 376.9 | 85.61 | 856.0
x10° x10° | x10® | x10°

Pristine ZnO 30.90 | 230.6 | 33.83 11.17 4,425 | 18.32 | 893.7
x10®° | x10° x10° x10% | x10® | x10°

Au-ZnO 17.14 | 666.3 | 23.86 17.736 3.263 | 9.173 | 780.2
2 x10° x10% | x10® | x10°

Ag-ZnO 10.38 | 7.972 | 17.053 | 4.697 6.061 | 49.07 | 817.8
x10° x10% | x10® | x10°

0.67 Au/Ag-ZnO 15.92 | 301.6 | 21.19 15.67 3.817 | 7.310 | 621.3
x10° x10% | x10® | x10°

0.43 Au/Ag-ZnO 13.07 | 128.8 | 19.42 10.05 3.360 | 7.608 | 546.7
x10° x10% | x10® | x10°

Appendix C: Calculations and Methodology
Appendix C1: Surface-Enhanced Raman Spectroscopy (SERS) enhancement factor calculations

The SERS enhancement factor is calculated by comparing the SERS signals excited on the Congo
red dye molecule adsorbed on the nanoparticles and reference sample (FTO substrate). The

equation used to calculate the SERS enhancement factor can be expressed as:

ISERS N Raman

Nsers  Iraman Equation S2

SERS enhancement factor =

Where Nggman and Nggrs denote the number of Raman active probe molecules on the reference
sample and nanoparticles sample, respectively, while I;man @and Iggrs denote the corresponding
intensity from the reference sample and nanoparticles sample, respectively. As the value of

Niraman and Nsgrs is 1 M and 5x10°° M, respectively, hence the equation can be expressed as:

ISurf 5 .
SERS enhancement factor = —— X (2 X 10°) Equation S3

Raman
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Appendix C2: Calculation of lattice spacing from XRD results using Bragg’s Law

Bragg’s Law can be expressed using the equation as shown below.

nl = 2dsin(0) Equation S4

where A is the x-ray wavelength which has value of 1.54A, n is an integer which is commonly
expressed as 1, d is the lattice spacing, and @ is the diffraction angle. To determine the lattice

spacing, the equation can be rearranged to be:

154 Equation S5
~ 2sin(6)

Appendix C3: Calculation of Quantitative Work Function

The formula to calculate the work function of the samples can be expressed as:

(WTip (eV) - Wsample (eV)) Equation S6
e

CPD(V) =

Where CPD (V) is the surface potential value between the sample and the cantilever tip, Wr;, (eV)
is the work function of the cantilever tip, Wyp,(eV) is the work function of the sample, and e is
the elementary charge. Wr;,, was calibrated using HOPG and determined to be 4.6 eV. Result of

quantitative work function of nanoparticles were tabulated in Table S2.

Appendix C4 Calculation of Sheet Resistance (R;)

The formula to calculate the sheet resistance of a thin film can be expressed as
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%4 Equation S7
R, = K() |

Where K is the geometric factor, which can be expressed as r/(In2) = 4.53, for a semi-infinite

thin film. V and [ is the applied voltage and measured current, respectively.

However, as a 2-point probe system was utilized instead of a 4-point probe system, a contact

resistance, R ontace Was introduced into the measurement.

|4 Equation S8
Ry = 4.53 Reontact (7)

In order to determine R ,n:qct, the sheet resistance of FTO was assumed to be 13 Q/sq as

measured by the manufacturer.

2 Equation S9

13 = 4.53 Reontact (m)

By rearranging the equation, R, ,:qc: Was calculated to be 0.04294. Therefore, the sheet resistance
can be approximated by substituting the calculated R_y,:qc: Value into Equation S10 and it is as

shown below. The sheet resistance values are tabulated in Table S4.

4 .
Rs = 4.53 (0.04294)(7) Equation S10
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