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Abstract

Due to novel properties such as optical properties and high specific surface area, noble metal
and semiconductor nanoparticles have been implemented in a wide range of products in
different fields. Semiconductor NPs like TiO, and ZnO have been used as efficient
photocatalytic materials in water purification for degradation of toxic organic pollutants in the
presence of light. Noble metal and semiconductor NPs also show antibacterial characteristics,

and therefore they have been implemented in a wide variety of products.

However, NPs can be released into the environment during their production, application and
disposal, which can adversely result in unknown risks to human health and the environment.
Nanoparticles are stabilized with different coating agents to enhance their efficiency by
avoiding their aggregation and dissolution, which may also alter the environmental fate of NPs
after their release into the environment. Among different methods implemented to
characterize the coating of NPs, surface-enhanced Raman spectroscopy is an emerging
technology which benefits from optical properties of NPs and has a great potential for
detection of different coatings especially on noble metal NPs. In this thesis by profiting from
the optical properties of noble metal and semiconductor NPs, we try to develop the

knowledge and application of nanotechnology in environmental fields.

In the first part of this thesis, we synthesized Au@Ag nanoparticles to study the exchange and
competition of different coating agents with different binding abilities to simulate the release
of NPs into a water body with several potential coating agents. Suwannee River Natural
Organic Matter (SRNOM), 4-mercaptobenzoic acid (4-MBA) and 4-Mercaptopyridine (4-MPy)
were selected molecules for the experiments. It was shown, 4-MPy has a higher binding
affinity than SRNOM and 4-MBA through the presence of simultaneous sulfur and nitrogen
atoms which leads to dominating the coating process when two coating agents are present in
the media at the same time. Furthermore, 4-MBA and 4-MPy make bonds to the SRNOM

coated nanoparticle despite that SRNOM coating has been previously formed.

In the second part, the synthesized Au@Ag NPs were successfully coated on silicon wafer to
produce SERS substrates to detect different molecules. 4-MBA and 4-MPy were selected as
sample molecules, and a detection limit of 5 x 10° M was obtained. Also, the substrate was

implemented to characterize the 4-MPy coating on P25 Degussa TiO2 NPs.
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In the third part, the P25 Degussa TiO2 NPs were thermally modified at different temperatures
to achieve NPs with different characteristics. The modified NPs were used to characterize the
formation and stability of coatings by SERS and also as photocatalytic material for deactivation
of sample bacteria. It was observed that the crystal structure of TiO2 NPs plays an essential
role in their application. It was also observed that SERS Spectra of the coating show some

changes if heavy metal ions are present in the media during the coating process.

In the last section, ZnO NPs with different morphologies were successfully synthesized via an
easy solvothermal method with different solvents. The ZnO NPs were employed for
degradation of a sample azo dye. SEM imaging revealed that the particles synthesized in 1-
hexanol, ethylene glycol and water have rod, sphere and flower shape, respectively. The
photocatalytic efficiencies of the ZnO NPs were affected by their different morphologies and
crystal growth habits, particle size and optical properties. Results indicate that flower-like ZnO

NPs showed significantly higher photocatalytic efficiency than rod- and sphere-like ZnO NPs.
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1 Theoretical Background






1.1 Introduction and aim of the thesis

Nanotechnology has become one of the most promising technologies applied in a wide variety
of areas. Miniaturization of different materials, including noble metals and semiconductors,
affords interesting novel properties such as optical properties and high specific surface area.'?
Miniaturization of materials down to the nanoscale regime impacts the behaviour and
interactions of light with matter especially metals and semiconductors as important
nanomaterials with wide application in various sectors such as electronics, food, biomedicine
and even for environmental purposes such as water treatment and purification.3”’
Semiconductor materials like TiO2 and ZnO have been widely used as efficient photocatalytic
material for decomposing toxic organic molecules to H;0, CO;, and other harmless molecules
in the presence of light.®° Ag, TiO, and ZnO NPs also possess significant antibacterial effect
towards a broad range of organisms which makes them suitable for antibacterial consumer
products.%13 Unlike conventional chemical disinfectant, the antibacterial nanomaterials are
not expected to produce harmful disinfection byproducts (DBPs).}* However, NPs can be
released into the environment during their production, application and disposal, which can
adversely lead to unknown risks to human health and environment.*>1® Coating agents are
generally used to synthesise NPs to stabilize them and avoid aggregation and dissolution of
the NPs.17'8 On the other side, all engineered inorganic nanoparticles (EINPs), coated or
uncoated, will interact with natural macromolecules such as natural organic matter (NOM) or
humic substances when released into the natural agqueous environment which plays an
essential role in the environmental fate and toxicity potential of the NPs.1>2% Although huge
progress has been made in understanding the potential environmental and ecological
consequences of EINPs, the knowledge regarding the importance and characterization of
coatings on NPs for their environmental fate is still lacking. Especially, different characteristics
such as persistence and dynamics of the coating over time in the environment are unknown
and more research to understand the interactions between NPs and their coating is
required.?'?? Different scenarios such as developing a natural coating around uncoated NPs,
exchange of a surface coating or even formation of multi layer coatings seem possible.?
Among different methods implemented to characterize the coating of NPs, surface-enhanced
Raman spectroscopy (SERS) is an emerging technology which benefits from optical properties
of NPs and incorporates nanotechnology into normal Raman spectroscopy.’?* Low

measurement runtime and minimal sample processing are main advantages of this method
3



when compared with other conventional analytical methods. SERS has a great potential for
detection of different coatings on noble metal NPs and to some extend for semiconductor
NPs.232526 Until now, SERS phenomenon on semiconductors has not been well investigated
and mainly, the enhancement factor observed for semiconductors were greatly lower than
those of noble metals.?”?® Also, most of the experiments using SERS for characterization of
coatings on different NPs, have been conducted in the lab using simplified batch systems.?®
Therefore, there is need to adapt this method to be used under environmentally relevant
conditions. The aim of this thesis is to study the optical properties of noble metal and
semiconductors nanomaterials for environmental purposes. By implementing benefits of
optical properties of noble metal and semiconductor NPs, we try to develop the knowledge
and application of nanotechnology in environmental fields. The objective is to implement and
optimize SERS for characterization and measurement of NOM coatings on metallic and
semiconductor NPs. In addition, the morphology and phase structure dependent antibacterial

and photocatalytic activity of ZnO and TiO; as an important factor are investigated.

The following objectives based on the optical properties of nanomaterials are defined for this

thesis:

e To characterize and measure the changes of the coatings on metallic NPs under
different environmentally relevant conditions using SERS. In addition to establishing
an optimized setup for characterization of different coatings on NPs, the hypothesis if
the first contact of potential coating agents derives the fate of the NPs should be
investigated. This hypothesis is critical for assessing the stability and transport of NPs
in rapidly changing environments, e.g., NPs emitted into rivers or sewage treatment
plants.

e To develop and apply a method to characterize and measure the coatings on TiO; NPs
using Raman microscopy and SERS. This objective aims both the direct measurement
of coatings on TiO2 NPs and also the indirect measurement of the coating through
deposition of coated TiO, on noble metal SERS-active surfaces.

e To investigate the photocatalytic effect of semiconductor NPs. This objective
investigates the factors influencing the interaction of light with NPs in photocatalytic
processes such as degradation of environmental pollutants and inactivation of

bacteria.



1.2 Electromagnetic spectrum (Light)

The term light is sometimes used as a synonym for electromagnetic radiation ranging from
radio waves to gamma rays. As their names suggest, electromagnetic radiation waves are
fluctuations of electric and magnetic fields, which can transport energy from one location to
another in the form of photons. Visible light is also a small fraction of this electromagnetic
spectrum except that the human eye can detect visible waves. Figure 1.1 shows regions of the
electromagnetic spectrum, including radio waves, infrared, visible, ultraviolet, X-rays, and

gamma rays.
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Figure 1.1 The electromagnetic spectrum (Image from: https://www.livescience.com/38169-

electromagnetism.html).

1.3 Interaction of light with matter

Different phenomena can happen when light interacts with matter depending on the

relationship of the light wavelength and the interfering matter's physical size. Depending on



the material's surface quality, transparency or translucency, the incident light will be reflected,

transmitted, absorbed, or scattered.
1.3.1 Interaction of light with bulk metal

Free electrons in a bulk metal move opposite to the electric field's direction when the metal
is subjected to a force created by the electric field of light. Positive ions stay fixed in the same
position, which causes a shift between the center of distribution of the negative charge and
the positive charge. This phenomenon is illustrated in Figure 1.2. The electrons in a metal NP
are defined by a simplified model of a gas free of electrons that move against a stationary

background of positive ions.3%31
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Figure 1.2 lllustration of a metal structure subjected to a force created by an electric field. (Left) bulk

and (Right) nanoparticle. Based on Ref.*?

Free conduction electrons can move over broad distances in bulk metal materials, and
therefore usually the electrons do not oscillate against specific localized ions with a restoring
force. The motion is quite comparable to a mass being dragged in a viscous fluid. Light with a
frequency above the plasma frequency, like UV for metals, will not even oscillate electrons
and the light will be absorbed or transmitted in interband transitions of the metal. Light with

a frequency below UV will oscillate electrons out of the phase, creating a strong reflection.3?
1.3.2 Interaction of light with metal nanoparticles

Bulk metal is diminished in three dimensions to form nanoparticles with dimensions less than

the wavelength of the incident light. The smaller particle size compared to the wavelength of
6



the incident light, will lead to a constant electric field across the nanoparticle, causing a
uniform displacement of the electron density. The nanoparticle's confined electrons will
oscillate while being accompanied by a strong force from positive ionic core background. This
force causes a non-propagating collective oscillation of the surface cloud with a characteristic
oscillation frequency like a simple harmonic oscillator.33 This phenomenon is not similar to the
bulk metal, which does not have a specific oscillation frequency. The collective oscillation
causes a large absorption and scattering cross section, and an amplified local optical
electromagnetic field which also plays an import role in surface enhanced-Raman scattering
effect. The maximum strength of this electric field occurs just outside the nanoparticle and

drops rapidly with distance from the nanoparticle (Figure 1.3).34
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Figure 1.3 Illustration of surface propagating plasmon (top) and localized surface plasmon (LSPR)

(bottom). Reprinted from Ref.34



1.3.3 Interaction of light with semiconductor nanoparticles

The interaction of semiconductor nanoparticles with light is different from metal materials.
Unlike metals, semiconductor materials do not electrically conduct and have no free electrons
in their conduction band. The electrons are bound to atoms and are in the valence electronic
bands. In metals, the conduction and valence bands overlap together, but in semiconductors,

the bands are isolated by an energy gap called band gap as indicated in Figure 1.4.
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Figure 1.4 Conduction and valence band for metal and semiconductor. Based on Ref.®

To overcome the bandgap in semiconductors, an external force like external light is required
to convey enough energy to a bound electron to place it in the conduction band accompanied
by its separation from the positive charge. Separation of the electron from the charge leaves
a positive hole in the valence band. Both the electron and the positive hole are free to move
away from their original location, and they move together as electron-hole pair or excitation
with the electron orbiting around the hole at an average distance. This kind of photoreaction

plays a vital role in photocatalysis, which will be explained more in section 1.4.
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Figure 1.5 Excitation of electron from valence band to conduction band in a semiconductor by light.

Based on Ref.*

1.4 Photocatalysis

Photocatalysis is a field of chemistry that deals with chemical reaction happening in the
presence of light and a photocatalyst. A photocatalyst is a semiconductor, which increases the
rate of reaction by its presence. Photocatalysis has a wide range of applications in

antibacterial, self-cleaning, deodorizing and water purification.36-3?
1.4.1 Environmental application of photocatalysis

Although more than 70% of the earth is covered with water bodies, people are constantly
battling for a cleaner und purified water as a necessary demand for life.*>#! As a consequence
of the Industrial evolution, more pollution is introduced into the air and water. The removal
of organic and biological contaminants (such as organic dyes and drug effluents) from water
effluents need a simple, cost-effective, and eco-friendly solution. In the last few years,
photocatalysis came up as a promising and well accepted method, especially for the treatment
of wastewater polluted with dyes.*%43

Among various photocatalysts, TiO2 and ZnO are recognized as the most photoactive catalysts
among employed semiconductors.** TiO, has a band gap of 3.2 eV with high photocatalytic
efficiency, good chemical and optical stability, optimal environmental and biological
compatibility.*> ZnO has a band gap of 3.37 eV, which is comparable to TiO; and has mainly

been considered due to its relatively lower production costs and easy fabrication.*®*” Some



experiments have also shown that ZnO exhibits a better efficiency than TiO2in photocatalytic
degradation of some dyes and other pollutants in water.%4°

Size, shape and defects are the crucial factors which significantly influence the photocatalytic
and antibacterial performance of these two semiconductors. Therefore, some studies have
been focusing on optimization of morphology and crystalline structure of semiconductor
NPS.lO’SO’Sl

TiO2 exists in three crystalline phases of anatase, rutile and brookite.>?>3 Rutile is the most
common natural form of TiO,, and anatase and rutile are the most common crystalline phases
for synthesized TiO, NPs. Brookite TiO; nanoparticles are challenging to synthesize and usually
need highly concentrated acids or high temperatures and pressure for their production.>?>*
In general, the size decrease of TiO, and ZnO NPs increases their photocatalytic and
antibacterial activity.>> There are various controversial reports regarding the effect of crystal
phase on photocatalytic and antibacterial activity of TiO2 NPs.>6™8 Despite current debates,
some studies show that anatase TiO2 NPs show a higher antibacterial effect than rutile NPs
due toinducing more oxidative stress. However, there are also some other studies which show

higher antibacterial activity of rutile NPs.>6=>°
1.4.2 Photocatalytic and antibacterial reaction

The photocatalytic process occurs via several steps through different chemical reactions which
are illustrated in Figure 1.6. In the first step, light with energy (hv) equal to or greater than the
band gap energy (Eg) excites the semiconductor NP. During the interaction, electrons in the
valence band (VB) are excited to the conduction band (CB) of the semiconductor NP.
Subsequently, electron vacancies remain in the VB and electron-hole (e-h*) pairs are
generated. In the second step, electron-hole pairs transfer to the photocatalyst surface and
reactive oxygen species (ROS) are formed through the reaction of the electron and hole with
oxygen and water molecules. The formed highly reactive ROS, e and h* can effectively degrade
dye molecules. The following chemical reactions occur during photocatalytic reaction on the

surface of semiconductor NP:

Semiconductor NP + hv - e’(CB) + h*(VB)
O2+e > 0
H,O + h* > 'OH + H*

10



‘O2 + H*=>'O0H + e + H* - H;02
H,0, + e - "OH + OH"

Dye + {e’, h*, 'O, and/or ‘OH} >Intermediate chemical - oxidized products

Figure 1. 6 Schematic mechanism of semiconductor NP as photocatalyst. Based on Ref.°

Different factors of semiconductor NPs like morphology, surface area, solubility, and surface
charge of the semiconductor nanoparticle will strongly influence nanoparticles' availability for
uptake into cells and their toxicity for antibacterial application.?> Following scenarios may

affect antibacterial activity of semiconductors:

1) The cations eluted from the powder; 2) Highly reactive oxygen species (ROS) formed
including hydroxyl groups (‘OH), superoxide anions (‘O;) and hydrogen peroxide (H202); 3) pH

value 4) Membrane dysfunction; 5) Nanoparticle internalization.576>

Antibacterial and photocatalytic use of NPs is just a small proportion of the broad application

of NPs in various fields. The increasing application and use of NPs in different products would

11



lead to an increased release of NPs in the environment. For toxicity and fate of nanoparticles
in the environment, it is essential to study the chemical nature of nanoparticles as well as their

coatings.'®

1.5 Methods for characterization of coatings on NPs

Coating of nanoparticles can alter the stability of the nanoparticles.'”:*8 Different methods for
characterization of interactions between coatings and NPs are summarized in Figure 1.7.%°
Among different methods implemented to characterize the coating of nanoparticles, surface-
enhanced Raman scattering (SERS), is an emerging technology, which has shown great

capability for detection of different coatings especially on noble metal nanoparticles.®’

Size

Chemical
bonding

-DLS - FFF
- UV-vis -TEM
-SEM  -STM
-AFM - FCS
-Electrophoretic -NTA
mobility .
-Charge titration ».‘\ggregatlo.n
Surface -ICP - HPSEC Disaggregation
charge -HPLC -FFF

Fractionation

Figure 1.7 Methods to characterize the interaction of coatings and NPs. Based on Ref.®
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1.6 Surface-enhanced Raman scattering (SERS)

Raman spectroscopy (RS) is a nondestructive vibrational spectroscopic method that provides
highly specific information based on the effect of inelastic light scattering by molecules.®® RS
has several advantages such as: 1) a small amount of sample is needed. 2) water is a low
Raman scatterer, which makes this method suitable for samples containing water. 3) it is a
complementary method of IR spectroscopy, especially for those molecules with a center of
inversion where the selection rule is applied.687°

However, limited sensitivity and fluorescence background covering the Raman bands are the
main drawbacks of this method.”* Surface enhanced-Raman scattering is another Raman
technique which helps to overcome these drawbacks.%%72

Surface-enhanced Raman scattering was firstly observed and discovered on a roughened silver
electrode by Fleischmann et al. in 1974.73 Since then, surface-enhanced Raman scattering has
gained increasing attention in chemistry, biology, physics, medicine etc.”*8 In the early days,
the SERS was only focused on group 11 metals (Au, Ag, Cu) due to their high enhancement to
Raman scattering. The Raman effect can be dramatically enhanced if a molecule is attached
to or in the proximity of noble metal nanostructures. The rapid growth of nanoscience and
nanotechnology has contributed to the rapid development of SERS from noble metals to other
materials like semiconductors and transition metals.”>82 SERS has been implemented to
investigate different organic and inorganic molecules adsorbed on noble metals and
semiconductors.?># The enhancement mechanism for noble metal NPs is different from
semiconductors. Electromagnetic enhancement and chemical enhancement are at least the
two principal mechanisms contributing to the SERS enhancement.®* Electromagnetic
enhancement plays a vital role in the enhancement on noble metals, and chemical
enhancement is the primary enhancement mechanism for semiconductors. The enhancement

mechanism for noble metals and semiconductors are explained separately here.
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1.6.1 Electromagnetic enhancement

Electromagnetic enhancement on noble metals

There are basically three electromagnetic enhancement theories: surface mirror field theory,
lightning effects and localized surface plasmon resonance.®> Generally, it is believed that
electromagnetic enhancement theories come from the enhancement of the electromagnetic
field on the surface of the nanoparticle.”%8 This effect is called localized surface plasmon

resonance (LSPR) and will be discussed here.

LSPR is a light absorption mechanism and is observed when laser light in the visible range
illuminates rough metal NPs like Au, Ag and Cu. 887 A localized surface plasmon arises when
the light illuminates a metal NP that is smaller than the wavelength of the incident light, and
a local amplification electromagnetic field will be generated on the NP’s surface. When
molecules are located in the local amplification electromagnetic field, the intensity of incident
light that excites Raman mode of the molecule is enhanced. Therefore, the scattering cross of
molecules section will be significantly amplified by several orders of magnitude, and as a
result, the enhanced Raman scattering spectrum is obtained. The relation between the Raman
intensity, |, and the local EM strength, E, is usually approximated as | ~|E|*.2888 The relation
between local EM strength, E, and the interspaced distance, D, is described by the following
equation:3+%°

E = (1/D)2

Therefore, with increasing the distance between noble metal NP and the target molecule,
the SERS signal reduces significantly.

The location of the LSPR band is dependent on the size, shape, identity and aggregation state
of the nanoparticle. The chemistry of the medium and even the laser wavelength are other
factors influencing the LSPR. For example, the LSPR of a spherical gold nanoparticle with an
average size of 50 nm is at about 530 nm, which falls into the green light range.’**? Therefore,
a suspension of 50 nm gold nanoparticle absorbs green light and transmits red light, which is
why this suspension exhibits red color under visible light illumination.®*®* The Maximum SERS
enhancement on noble metal NPs occurs when the target molecule is positioned on the
surface of the metal NP, and the diameter of the metal NP is smaller than the wavelength of

the incident laser. Also, the incident laser's frequency should match the LSPR of the metal NP
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to reach the highest SERS enhancement.’>% The electromagnetic enhancement scenario
alone cannot explain the different SERS spectra for different molecules on the same substrate.
Chemical enhancement is another mechanism discussed to solve the mentioned question.
Electromagnetic enhancement on semiconductors

Due to small electron density in semiconductors, the conduction band plasmon of these
materials is supposed to fall in the infrared region. On the other hand, the electron density of
valence electrons is as large as 10%? to 10%* cm™ and therefore supposed to be in the ultraviolet
region with a plasmon excitation energy between 4 to 30 eV.?® Hence, the bulk conduction
and valence band plasmons are not applicable for SERS measurements in the visible region of
the spectrum.”” However, there have been some works focusing on shifting the plasmon
resonance of semiconductors by various geometries.”®

It is believed that most likely a combination of surface plasmon, charge transfer (CT), and band
gap resonance in addition to EM mechanism is the contributing factor for Raman signal
enhancement on semiconductor materials. The majority of studies have proven the charge-
transfer mechanism as the main involved mechanism in SERS enhancement of

semiconductors.?100
1.6.2 Chemical enhancement

Chemical enhancement is the interaction between the molecule and the surface, including the
adsorption orientation feature of the molecule as well as, the CT between the molecule and
SERS substrate.'%! The atomic absorption model and the CT model are two mechanisms used
to explain this phenomenon, and the scientists widely accepted the latter. The CT model
explains that adsorbed molecules can react with atoms on the nanoparticle's surface, and
therefore a new chemical bond is formed. This model can explain why the SERS effect will
drop to zero immediately with the disappearance of the chemical bond.

CT resonance

Some studies have shown that plasmon resonance plays a role in the Raman enhancement;
however, those molecules with similar cross section have shown different enhancements.
Basically, those molecules that chemically adsorb on metal nanoparticles have shown the
largest enhancement, and these phenomena can be explained by CT mechanism. In this
theory, the conduction band orbitals of the metal layer between the highest molecular filled

level highest occupied molecular orbital (HOMO) and its first excited unfilled level lowest

15



unoccupied molecular orbital (LUMO). CT can happen from metal to molecules or from
molecules to the metal depending on the relative energies of the metal Fermi level and the

HOMO and LUMO levels of the adsorbed molecule (Figure 1.8).
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Figure 1.8 Chemical enhancement showing the energy level diagram for a “molecule-metal system”.

Reprinted from Ref.2®

In semiconductors, the energy gap is between a full valence band and an empty conduction
band. Therefore, the CT between semiconductor material and molecules is dependent on the
vibronic coupling, the conduction band and the valence of the molecular excited state and
ground state. The CT in Semiconductors can occur via five different pathways which are

explained here (Figure 1.9).2>26:83,102-104

1) Molecule HOMO-to-CB. The incident light directly excites the electron in the ground
state of the molecule from the HOMO to the conduction band's energy level. Instantly
the excited electron goes back to a certain ground vibrational energy level of the
molecule, and the Raman photon is released.

2) CT complex-to-CB. The formed chemical bonding between the semiconductor and
molecule diminishes the formation of a charge transfer complex, leading to the
enhancement of the polarizability and subsequently resulting in Raman signals of the
original adsorbed molecules.

3) VB-to-molecule LUMO.
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4)

5)

The incident light excites the electron in the valence band of the semiconductor to the
high energy level LUMO in the molecule, and afterwards, the electron quickly goes
back to the valence band and therefore Raman photon is released.

Surface state-to-molecule LUMO. The incident light excites the electron from the
valence band to the surface defect, forming a surface state. Subsequently, the electron
is further excited to the LUMO of the molecule, and a Raman photon is released by the
transition to the surface state.

CB-to-molecule HOMO. The molecule is excited by the incident light to the energy level
LUMO, and the electron is then injected to an energy level in the conduction band of
the semiconductor which has the matching energy level. Finally, the electron returns

to the molecule's ground vibrational energy level, and Raman photon is released.
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Figure 1.9 The charge transfer pathways in semiconductor-molecule systems (a) molecule HOMO-to-
CB, (b) Charge transfer complex-to-CB, (c) VB-to-molecule LOMO, (d) Surface state-to-molecule
LOMO and (e) CB-to-molecule LOMO. Based on Ref.”’

Application of SERS on semiconductors

Yang et al. fabricated TiO, NPs with different crystallinity by sol-hydrothermal method and
used them as SERS substrate for detection of ciprofloxacin (CIP) drug molecules (Figure
1.10).%% In their study, it has been shown that crystallinity, pH value of the adsorption solution
and adsorption time have important effects on the interaction and SERS behavior of CIP

molecules and TiO2 NPs. The enhancement was attributed to the contribution of the TiO,-to-

molecule CT mechanism.
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Figure 1.10 SERS spectrum of ciprofloxacin adsorbed on TiO, NPs and normal Raman spectrum of the

solid ciprofloxacin powder. Adapted from Ref.1%

Xue et al. fabricated a TiO2/4-mercaptopyridine (4-MPy)/Ag sandwich structure and showed

that SERS signal of the 4-MPy is significantly enhanced relative to those observed on 4 -MPy

adsorbed on Ag NPs or TiO2 NPs (Figure 1.11).1% |t was described that 4-MPy molecules form

a bridge between TiO; and Ag NPs, promoting the charge-transfer and subsequently leading

to the SERS signal enhancement.
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Figure 1.11 (A) SERS spectra of 4-MPy on (a) TiO2 NPs (b) TiO,/4-MPy/Ag assemblies and (c) Ag
colloids. (B) TEM image of the TiO,/4-MPy/Ag assemblies. Adapted from Ref.1%
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1.6.3 Excitation resonance

When the wavelength of the excitation laser matches an internal electronic transition of the
adsorbed molecule, there is an extra enhancement of the Raman signal because of the
resonance Raman phenomenon. This phenomenon combines both SERS and resonance
Raman, which is called surface-enhanced resonance Raman scattering (SERRS). The resonance
enhancement can provide 2-3 order of magnitude of additional enhancement compared to
SERS alone. It is required that the target molecule has a visible chromophore and the
adsorption of the visible chromophore matches with the laser excitation.'%” SERRS has been
implemented to detect single molecule-fluorescent dyes like rhodamine 6G and crystal
violet.”>1%8 SERRS can help to detect different Raman inactive molecules such as pesticides
that SERS alone is unable to detect them because the electromagnetic enhancement is not
high enough to enhance such Raman inactive molecules. Most effective application of SERRS
has been in using naturally occurring chromophores to investigate in situ changes to proteins
and enzymes.?>10° SERRS has been effectively implemented in forensic sciences to determine
the dyes in inks on paper and fibers.!19'11 SERRS is very sensitive and provides molecularly

specific spectra that can be identified in mixtures of products.

1.7 Factors influencing the application of SERS for Analysis of NP

Despite the increasing number of SERS applications in different fields like environmental
pollutants detection, food chemistry and forensic science, reproducibility of measurements
and consistent enhancement is the main limitation of this method.'?-11¢ Different factors can
impact the performance of SERS for analysis of NP. Different factors like type and size of the
NP, morphology, aggregation, temperature, solution pH and so on can influence the SERS
performance.!*’-119 These factors are summarized in Figure 1.12. Some of these factors are

explained shortly here:
1.7.1 Type of NP material

Based on the SERS enhancement mechanism, the noble metal nanoparticles like AgNPs,
AuNPs, CuNPs and PtNPs support the electromagnetic enhancement which can significantly
enhance the Raman signal of the coating agent. Semiconductor materials like TiO2 and ZnO

support the chemical enhancement.” In this case, the chemical bond between the chemical
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agent and NP is necessary to reach the enhancement.®® Additional to SERS peaks obtained
from the coating agent, the intrinsic Raman peaks of the NPs (e.g. TiO2) can be used to gain

information about the material composition and crystal structure.
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Figure 1.12 parameters needed to be considered for optimizing a system for achieving the best SERS

response.

1.7.2 NP size

In general, noble metal NPs within a size range of 10-200 nm, show SERS and NPs smaller than
10 nm or bigger than 200 nm show very weak or no Raman signal.113120.121 Noble metal NPs
with a size range of 10-100 nm show an optimal SERS.113121122 |t js related to size-dependent
excitation of dipolar plasmon resonance as the major type of LSPR responsible for the
electromagnetic enhancement in noble metal NPS. Different studies have shown that
consumer products mostly contain noble metal NPs larger than 20 nm, which is in the

detection range for SERS.123-126
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For semiconductors, the NP size also plays a role in chemical enhancement. Several studies

have shown the size dependency of SERS signal to the size of the semiconductor NPs.”°82
1.7.3 NP shape

NPs with different shapes show different enhancement factors. A study has shown that
dogbone or cube shape AuNPs show a much higher enhancement factor than those in sphere
or rod shape NPs.'?’ It has been explained that surface structure and sharpness of NP

structural feature can change the enhancement factor of the differently shaped NPs.%’
1.7.4 Surface chemistry

Knowledge of the surface chemistry of the NPs plays an important role in the SERS
enhancement factor. Analytes which have a high binding affinity with the target NP and
sensitive SERS response, show the highest enhancement cause the matrix interference can be
minimized.?812° A study has shown that pesticide ferbam is the most useful indicator to
detect citrate coated AgNPs through competition with six other sample molecules'?8. Another
study has investigated the adsorption of three types of flavonoids on TiO2 NPs and has shown
that myricetin has the highest binding affinity to TiO2 NPs.'?° The chemical and physical
properties of the NPs and also the coating molecule such as functional groups and surface

130-

charge are the important factors affecting the surface chemistry.13%-133 Besides, surrounding

media like pH is another factor which has a significant impact on the enhancement.'3-133 For

example, molecules containing thiol groups have a high affinity to noble metal NPs.13°

1.7.5 Spatial arrangement

It is believed that significant SERS enhancement occurs when the molecule enters within gaps
between NP aggregates smaller than 10 nm. This spatially much localized volume that shows
extremely high electric field enhancement are typically referred to as “hot-spots” which can
significantly enhance the Raman signal.’** Due to the importance of hotspot on the
performance of SERS, many studies have been focusing on this topic.3>13¢ In colloidal systems,
hotspots can be created by aggregation. Adding salts can induce aggregation by changing the
surface chemistry of NPs and generating hotspots due to more particle-particle interactions
for SERS enhancement.'3”138 The tendency of the NPs for aggregation is dependent on

different factors such as shape, size, chemical composition and surface chemistry of the
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NPs.139 On the other side, small molecules can easily enter the hotspots and show a higher

enhancement in comparison with big molecules.
1.7.6 Laser excitation wavelength

Laser excitation wavelength affects the experiment and should be selected to maximize
scattering efficiencies and minimize the fluorescence from the sample at the same time.
Visible excitation lasers (e.g. 488 nm, 514 nm, 532 nm and 633 nm) are typically used for the
measurements, but other excitation wavelengths from the UV (325 nm) as well as near IR (785

nm or 830 nm) are also implemented for the measurements.40-143

1.8 Characterization of NPs in environmental samples

SERS can effectively identify NPs from their dissolved ions or bulk material due to the
enhanced Raman signal from the binding molecule to the NPs. For example, SERS has been
used to differentiate AgNPs from AgCl and AgNOs due to the NPs induced enhancement of
ferbam molecule.''® SERS has been used to demonstrate the in situ distribution and
penetration of AuNPs on plant leaves.'#* Selection of appropriate molecule with a high binding
ability plays a vital role in investigating NPs in real environmental samples to reduce the
interference of the matrix. The type and amount of the molecule can differ depending on the
NP type and matrix in which the NP is detected.?®4> Different methods such as filtration or
centrifugation combined with SERS can be implemented to enrich the NPs from the matrix.
For example, centrifugation, combined with SERS, has been implemented to detect AgNPs in
different media like environmental water, spinach juice or antimicrobial products!3!28, |n
antimicrobial products, the matrices can influence the sensitivity of SERS, and therefore this
problem was tried to be solved by implementation of coupled filtration method to detect
AgNPs with a concentration limit of 0.005 mg L™1.246 Using such a system has the advantage of
analyzing samples with high volume, but biological particles can clog the system during
filtration of complex samples.

Zhao et al. used a method to identify and discriminate rutile and anatase TiO, NPs based on
their Raman signatures.’’ The concentration of the TiO2 NPs was determined based on the
Raman peak intensity. In their study, the particle size was determined based on the ratio

between the Raman intensity of the TiO2 NPs and the SERS intensity of myricetin bound to the
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NPs. The implemented approach has been suggested for monitoring and risk assessment of

TiO2 NPs in foods, consumable products as well as in environmental samples.

1.9 Investigation of fate of NPs

Due to large specific surface area and high activity, NPs show different transformations during
their release, transport and distribution in the environment. NPs are usually stabilized by
coating with different materials (e.g. citrate, PVP) to avoid dissolution or aggregation. For
example, AgNPs can oxidize and release Ag* in water. Also, sulfidation and chlorination of the
AgNps can occur if the system contains HS or CI-.24814% NPs can interact with dissolved organic
substances in water and attach to the soil matrix. It has been shown that sorption of natural
organic agents such as fulvic acid, Humic acid and Suwannee River Humic Acid to AgNPs
increase the stability of the NPs. The interaction of NPs and their coatings such as formation
of natural coating around NPs or development of multilayer coatings plays a vital role in
determining the fate, stability and toxicity of NPs in the environment.

Several studies have investigated the effect of aggregation on the SERS spectra of different
molecules. Bell and Mccourt showed that the SERS signal of thiophenol increased first and
then reached a plateau with increasing concentrations of MgSQ0s as salt to induce homo
aggregation of AuNPs.1>°

In our group, SERS has been used to investigate and characterize the adsorption of natural
organic matter on AgNPs under environmentally relevant conditions.®’” The results showed
that humic acid (HA) binds very strongly to the AgNPs, and the coating cannot be detached by
multiple washing steps, including centrifugation and resuspension. In addition, aged AgNPs in
river water and soil solution were detected by SERS, and it was found that AgNPs were
naturally coated with HA. Another research group has addressed the pH dependency of the
interaction between HA and AgNPs and showing different SERS signal intensity.'>! Sanchez-
Cortes studied the interaction of the herbicide paraquat (PQ) with HA extracted from modified
soils and their adsorption on AgNPs.*>2 Both of the agents were successfully detected using
514.5 nm and 1064 nm excitation wavelength. SERS could observe the structural changes of
HA and PQ due to presence of each other on AgNPs.

In general, SERS can be a useful method to improve our understanding of the transformation

and surface chemistry of NPs in presence of organic molecules in the surrounding. Also, SERS
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can help to analyze the interaction of organic compounds with NPs to enhance the knowledge

about the role of NPs in changing the environmental fate of organic contaminants.
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2 Experimental section
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2.1 Chemicals and other Materials

2.1.1 Chemicals

The following chemicals and solvents were used without further purification if not otherwise

stated.

1-Hexanol (CsH140, Merck, Darmstadt, Germany)

4-Mercaptobenzoic acid (4-MBA, Sigma-Aldrich, St. Louis, USA)

4-Mercaptopyridine (4-MPy, Sigma-Aldrich, Japan)

Cadmium standard solution (Cd(NOs),.4H,0 in HNO3 0.5 mol/I, Fluka, Buchs, Switzerland)
Calcium standard solution (Ca(NQs); in HNOs 0.5 mol/l, Merck, Darmstadt, Germany)
Chloroauric acid (HAuCls, 0.01% w/w, Sigma-Aldrich, St. Louis, USA)

Copper standard solution (Cu(NOs), in HNO3 0.5 mol/l, Merck, Darmstadt, Germany)
Ethylene glycol (C;Hs0,, Merck, Darmstadt, Germany)

Hydrogen peroxide (H,0,, 30%, Merck, Darmstadt, Germany)

Iron standard solution (Fe(NOs), in HNO3 0.5 ml/l, Fluka, Buchs, Switzerland)

Mercury standard solution (Hg(NOs),.H20 in HNO5 0.5 mol/l, Fluka, Buchs, Switzerland)
Polydiallyldimethylammonium chloride solution (PDDA, 0.5%, Sigma-Aldrich, St. Louis, USA)
Silver nitrate (AgNOs, Merck, Darmstadt, Germany)

SolantineBrown BRL (C.I. Direct Brown, Isfahan, Iran)

Sulfuric acid (H2S04, 98%, Fluka Analytical, Seelze, Germany)

Suwannee River Natural Organic Matter (SRNOM, IHSS, St. Paul, USA)

Trisodium citrate dihydrate (C¢HsNasO7 * 2 H,0, 1% w/w, Merck, Darmstadt, Germany)
Zinc acetate dihydrate (Zn(CH3C0O0),-2H,0, Merck, Darmstadt, Germany)

Zinc standard solution (Zn(NOs); in HNO3 0.5 mol/l, Merck, Darmstadt, Germany)

2.1.2 Biochemicals

E. coli PTCC 1399 was provided by Department of Chemistry, Shahreza Branch, Islamic Azad
University, Isfahan, Iran.

Nutrient agar medium, Merck, Germany.
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Nutrient broth medium (NB), Merck, Germany.

Staphylococcus aureus PTCC 1112 was provided by Department of Microbiology, Falavarjan Branch,

Islamic Azad University, Isfahan, Iran.

2.2 Instruments and devices

Product Company Model
Autoclave Made in Iran -
Centrifuge Eppendorf 5804 R

Cuvette (Uv-vis)

Dynamic light scattering (DLS)
EDX

Furnace

Incubator

Pipette

Pipette

Pipette

Pipette

Raman microscope

Scales

Scanning Electron Microscope
Scanning Electron Microscope
Transmission Electron Microscope
Ultrapure water purification system
Ultrasonic bath

UV-vis Spectrophotometer

UV-vis Spectroscopy

X-ray power diffraction (XRD)

8 W UV lamps
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Carl Roth GmbH
Beckman Coulter
Bruker

Heraeus

Made in Iran
Eppendorf
Eppendorf

VWR

VWR

HORIBA scientific
Mettler

Carl Zeiss

Philips

JEOL

Merck

Bandelin Sonorex
Shimadzu
Analytic Jena
Bruker

Philips

Rotalibo®, PMMA
Delsa Nano C
Xflash® 6| 60

Research Vari 100-1000 pL
Research Vari 500-5000 pL
Research Vari 10-100 pL
Research Vari 1-10 pL
LabRAM HR

PB3000 Delta Range
Sigma VP 300

XL30

JEM-1400

QPAK ®1

Typ RK 510

MPC-2200

SPECORD® 250 PLUS

D8 ADVANCE XRD

UV-A



2.3 List of Experiments

2.3.1 Synthesis and characterization of Au@Ag NPs

Citrate reduced Au@Ag core-shell nanoparticles were synthesized following a similar
procedure of Song et al.*>3 50 ml 0.01% (w/w) HAuCls was mixed and reduced with 750 pl 1%
(w/w) sodium citrate solution and heated at 100°C for 20 mins under magnetic stirring until
the color of the solution changed from colorless to wine red. The synthesized Au nanoparticles
were used as seed particles for preparation of Au@Ag core-shell nanoparticles. 290 ul 0.5 %
(w/w) AgNOs was added to the 50 ml boiling Au nanoparticle solution. Finally, 0.5 ml 1% (w/w)
sodium citrate solution was slowly added to the stirring solution and heated at 100°C for 1
hour, and heating was stopped and cooled down to room temperature for 2 hours. The color

of the final solution was red/orange.

UV-vis absorbance spectra, scanning electron microscopy (SEM) coupled with Energy-
dispersive X-ray spectroscopy (EDX) and transmission electron microscopy (TEM) were
obtained to confirm the successful synthesis of the core-shell nanoparticles. Dynamic light
scattering (DLS) was implemented to measure the hydrodynamic size of the nanoparticles.
The size and morphology of the nanoparticles were characterized by using a SEM. EDX
measurements were conducted to understand the composition of the synthesized
nanoparticles. Nanoparticles were additionally characterized by TEM with an acceleration
voltage of 120kV. ICP-MS measurements were conducted at the institute for environmental
sciences at the University of Koblenz-Landau to evaluate the concentration of Au and Ag. For
UV-vis measurements, nanoparticle colloid solutions were measured in semi-micro PMMA-

cuvette. Deionized water was measured as a reference spectrum for UV-vis measurements.
2.3.2 Au@Ag NPs SERS measurements

Suwannee River Natural Organic Matter (SRNOM), 4-mercaptobenzoic acid (4-MBA) and 4-
mercaptopyridine (4-MPy) were selected as sample molecules for the experiments. The
chemical structure of 4-MBA and 4-MPy is shown in Figure 2.1. For optimising SERS
measurements for separate 4-MBA, 4-MPy and SRNOM coatings, the Au@Ag suspension was
added to coating solutions in equal parts with a final concentration of 10 molar and
equilibrated for 2 hours on an overhead shaker. SRNOM had a final concentration of 20mg/I.
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Afterwards, samples were washed twice via centrifugation for 15 min and re-suspended in
deionized water after removing the supernatant. The samples were also treated in an
ultrasonic bath for 10 min to avoid the formation of aggregates. The samples were kept in a
water bath filled with ice to avoid thermal damage to NOM. Finally, 10 pl of the solution was

placed on a silicon wafer to dry for SERS measurements.

a SH o) SH

Figure 2.2 Chemical structure of 4-MBA (a) and 4-MPy (b).

Two of the mentioned coating agents were mixed together to simulate competition of coating
agents, and the Au@Ag suspension was added in equal parts to them. After shaking for 2 hours

on overhead shaker the samples were washed for two times as described above.

To simulate coating agents' replacement, the NPs were coated with SRNOM for 24 hours on
an overhead shaker to ensure the coating. Consequently, 4-MBA or 4-MPy with a final
concentration of 10 mol/l was added and the solutions were shaking for 2 hours before

washing steps.

SERS spectra were recorded by the Raman microscope using a He-Ne laser (633 nm) with 3.4
mW laser power at the sample. A 50x objective (numerical aperture, NA = 0.75) was used with
acquisition times of 2's,5 s or 10 s. Replicate of each sample was made three times and spectra
were obtained at least at five different points of each sample to verify the spectra's

reproducibility. Baseline correction was performed to obtain the final spectrum.
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2.3.3 Preparation of core-shell@Si

Silicon wafers were coated based on a method used by Li et al.*>* Silicon wafers were cut into
1 cm x 0.6 cm pieces and inserted for 10 minutes into a boiling solution prepared by mixing
30% H,0;and 98% H,S04 with a volume ratio of 3:7. Afterwards, the silicon wafers were rinsed
with water several times. The hydroxyl covered silicon wafers were then inserted into 0.5 %
PDDA solution for 30 minutes. Subsequently, they were rinsed again with water repeatedly to
detach the PDDA physically attached to the silicon wafer and dried with nitrogen. Finally, the
silicon wafers were immersed in Ag@Au suspension for 3 hours before drying with nitrogen.
The prepared substrates were stored in sealed tubes temporarily for further experiments.
Figure 2.3 shows the schematic illustration for preparation of Au@Ag coated silicon wafers as

SERS substrate.
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Figure 2.3 Schematic illustration for preparation of Au@Ag coated silicon wafer as SERS substrate.

Oxidation of silicon wafers leads to the formation of negatively charged hydroxyl groups on
the surface which can bind to positively charged polymers like PDDA. The Ag@Au Core-shell

nanoparticles are negatively charged and can bind to the positively charged silicon wafer.
2.3.4 Detection of chemicals and TiO, coating by core-shell @ Si

The prepared Au@Ag coated silicon wafer was soaked in sample solution of 4-MBA and 4-MPy
with concentrations of 5 x 10° up to 5 x 10 for two hours. The dilutions were prepared by

Milli-Q water. In a set of experiments, tap water and snowmelt water were also used to dilute
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4-MPy to see if the coated silicon wafer can also be used to detect chemicals in more complex
aqueous environments. After soaking, the sample was dried and measured with the Raman

microscope.

For the indirect SERS measurement of the TiO; coating by the Au@Ag coated silicon wafer,
unmodified TiO2 NPs were diluted in a solution of 4-Mpy (1 x 10> M) with a concentration of
50 mg/I and the solution was placed on a shaker for two hours before the shaking was
stopped. Afterwards, the samples were washed with Milli-Q water and centrifuged three
times. Finally, the solution of 4-MPy coated TiO2 NPs was diluted 100 times with Milli-Q water
and was deposited on top of the Au@Ag coated silicon wafer and was dried before the SERS

measurements.
2.3.5 Modification and characterization of TiO2 NPs

TiO, P25 (Degussa) was thermally modified based on a method used by Khoa Le et al. with

some changes as following:%°>

TiO, was washed with double distilled water and dried at 80 °C in the air. Afterwards, this
powder was put in an alumina crucible and placed into a high temperature furnace at different
temperatures of 500, 650, 800 and 950°C for 5 minutes. Subsequently, the samples were taken
out of the oven and cooled down to the room temperature and finally grounded to achieve
the final required powder sample. The samples were labelled with the used modification

temperature.

To determine the crystal structure of TiO; powders, XRD experiments were performed on a
XRD diffraction spectrometer with a Cu Ka line at 1.5406 A and a Ni filter for an angle range
of 20 =20-80°. The samples' surface morphology was investigated using a SEM, and the
electronic absorption spectra were recorded on a UV-vis spectrometer. Raman spectra of the
samples were obtained by the Raman microscope employing a He-Ne 633 nm laser with a 50x
objective and an acquisition time of 1 s. The surface area of the samples was measured by BET

method.
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2.3.6 Direct SERS measurement of TiO> coating

20 mg of modified TiO2 NPs at different temperatures were dissolved in 10 mL of 4-MBA (1073
M) ethanol solution. The mixture was stirred for 2 hours, and the stirring was stopped. After
two times of washing with purified water and centrifugation, the nanoparticles were dried.

Raman spectra were obtained using a 514.5 nm laser.
2.3.7 Antibacterial Experiment

The antibacterial activity of the thermally modified TiO, NPs was investigated by the
bacterium as per colony count method for gram-positive and gram-negative bacteria. Utilizing
Nutrient broth medium (NB), different TiO2 NPs with a concentration of 200 ppm were applied
to Escherichia coli and Staphylococcus aureus as model microorganisms. The TiO, NPs were
introduced into 10 ml NB, which was supplied with 200 ul bacteria at an initial concentration
of 1.5 x10° CFU (colony forming unit). Also, a medium without nanoparticles as control was
prepared and grown under the same reaction conditions. All the samples were illuminated
with four 8 W lamps (Philips UV-A, Amax =365 nm), at room temperature for different time
intervals of 20 mins for the period of 260 mins. During the experiment, the sample containers
were placed horizontally on a shaker platform and were agitated at a speed of 200 rpm. By
using a water circulation through the reactor, the temperature of the culture medium was
controlled. After sampling, the nanoparticles were separated by centrifugation, and 100 pl of
each bacteria suspension was dispersed on the Nutrient Agar medium. The samples on
Nutrient Agar medium were incubated for 24 hours at 37°C. The results shown are the average
data obtained from triplicate runs. The result of the CFU counting in nanoparticle free medium
showed a negligible decrease in CFU, which shows that the photochemical inactivation was

negligible under UV-A irradiation with low energy.
2.3.8 Synthesis and characterization of ZnO NPs

According to a method reported in the literature, the ZnO nanoparticles were prepared in a
cooperation with Islamic Azad University of Shahreza in Iran. Briefly, 5.60 g of
Zn(CH3COO0);:2H,0 was dissolved into 50 ml of water, 1-hexanol, ethylene glycol, and kept
under continuous stirring. In the case of water as solvent, 10 ml NaOH was added dropwise

into the solution until a transparent solution was obtained. After vigorous stirring at 60 °C for
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30 min, the mixture was then moved into a sealed Teflon-lined autoclave and kept at 170 °C
for 18 h. Subsequently, after the autoclave was cooled, the obtained white powder was
collected and washed with pure ethanol and distilled water and finally dried under vacuum at

90 °C.

To characterize the structure of the ZnO powders, X-ray powder diffraction (XRD) experiments
were performed using a XRD diffraction spectrometer (Cu Ko, A=1.5406 A) with a Ni filter for
an angle range of 20 = 20-80°. SEM measurements were also carried out to characterize the
samples' morphology with an accelerating voltage of 17 kV. The samples' optical properties
were investigated by a UV-vis spectrophotometer over the range of 350-600 nm at a

resolution of 2.0 nm.
2.3.9 Photodegradation of sample azo dye

All the experiments with ZnO NPs were conducted on 100 mL of azo solution in a cylinder
quartz vessel, and four 8 W UV lamps (Philips UV-C, | = 365 nm) were employed as the light
source in photocatalytic process. The distance between the UV lamps and solution was 12 cm.
The experiments were carried out at the temperature of 25+2 °C and magnetically stirred and
equilibrated in the dark for 20min after the addition of photocatalysts. During the experiment,
the test solution in the vessel was stirred continuously. 5 milliliter samples were withdrawn at
intervals of 15min for two continuous hours and were then centrifuged at 4000 rpm for 10
min so that ZnO nanoparticles were removed. The photocatalytic reduction efficiency was

monitored by measuring the absorbance at 435 nm with a spectrophotometer.
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Figure 2.1 schematic setup of the Azo dye degradation by different ZnO photocatalysts.
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3 Results and discussion
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3.1. SERS measurement of coatings on Au@Ag nanoparticles

The results presented in section 3.1. were published in the publication “Characterization of
coatings on metallic nanoparticles by surface-enhanced Raman scattering (SERS) for
environmental purposes” by S. Amininejad, N. P. Ivleva and T. Baumann in the “Vadose Zone

III

Journa
3.1.1 Characterization of Au@Ag core-shell nanoparticles

In order to confirm the successful synthesis of the Au@Ag nanoparticles, SEM and TEM images
were obtained. The images show uniform spheres with an approximate size of 35 nm

(Figure 3.1).

50 nm

Figure 3.1 Scanning electron microscope (SEM) image of prepared Au@Ag nanoparticles (a), (b) and
transmission emission microscope (TEM) image of Au@Ag nanoparticles (c).1*®
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The results are in agreement with DLS measurements which reveal an approximate diameter
of 33 nm. The result of the EDX analyses shows the presence of gold and silver in the elemental
composition of the synthesized nanoparticles. The spectrum contains two peaks which are

assigned to Au and Ag (Figure 3.2).
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Figure 3.2 Energy Dispersive X-Ray Analysis (EDX) of as-prepared Au@Ag nanoparticles.*>®
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The UV-vis spectrum of gold nanoparticles shows a peak at 520 nm, which is in the adsorption
peak region for gold. The UV-vis spectrum peak for Au@Ag core-shell nanoparticles shows a
blue-shift compared with the absorption peak of Au NPs, which indicates the effective coating
of Au NP seeds with silver. Both UV-vis spectra show narrow peaks, which is indicative of

relative monodisperse Au@Ag suspension (Figure 3.3).
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Figure 3.3 UV-vis spectra of Au@Ag and Au nanoparticles.’®®

The Au@Ag nanoparticles have a zeta potential value of -41 mV, which is less than -30 mV and
therefore, the nanoparticles are considered to be stable.'>” The results prove the successful

synthesis of core-shell nanoparticles.

To evaluate the stability of the synthesized Au@Ag NPs, UV-vis spectra of the aging NPs were
taken for a period of 8 weeks with two-weeks time intervals. The results are demonstrated in
figure 3.4 and as it can be seen the UV-vis spectra of the NPs are similar, and therefore the
NPs are stable at least after eight weeks of aging. The slight decrease of the absorbance

spectrum is caused by aggregation of NPs.1%8
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Figure 3.4 UV-vis spectra of Au@Ag NPs of different age

3.1.2 Optimization of SERS experimental parameters

To achieve reproducible SERS results as the main challenge for SERS analysis, the experimental
parameters should be optimized at first. The optimum SERS conditions for different coating
agents can be highly variable and, therefore, an optimum setup that fits for all of the coating

agents should be implemented.'>®

Figure 3.5 shows the SERS spectra of selected coating agents on Au@Ag NPs after optimization
of experimental parameters. SERS spectra of 4-MPy is dominated by characteristic peaks at
about 711, 1006, 1063, 1097, 1223, 1580 and 1609 cm™. The band at 1097 cm™ represents
the covalent binding of sulfur to the Au@Ag as the result of the altered C-S bond on the ring
vibrations. The peak around 711 cm™ is indicative of the in-plane ring deformation with C-S.
The bands at 1580 cm™ and 1609 cm* indicate the ring stretch with nitrogen vibrations and
the bands at 1063 cm™ and 1223 cm™ are assigned to in-plane C-H vibrations. Furthermore,

the band at around 1006 cm™ is assigned to the ring-breathing vibrations.'®%161 The two
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Raman peaks at 1580 and 1609 cm™ have also been attributed to N-deprotonation and N-

protonation and therefore being used as a marker for the SERS-based pH sensors.

Two signals dominate the SERS spectra of 4-MBA at about 1585 cm™ which arises from vs,
aromatic-ring vibrations, and the band at about 1076 cm™ which is assigned to vi, aromatic-
ring vibrations processing C-S stretching characteristics.'®? The band seen at about 1424 cm!

is attributed to the symmetric stretching vibration of the carboxylate group, vs(COO ).

Two features dominate SERS spectra of SRNOM at about 1355 cm™and 1575 cm™, which are
referred to as G peak (graphite peak) and D peak (disordered peak) in carbon analysis. The G
peak is assigned to in- plane band-stretching motion of pairs of sp? atoms. The D peak is

assigned to the breathing mode of sixfold aromatic rings (Ezg symmetry).

TN
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Raman shift (cm™)
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Figure 3.5 SERS spectra of selected coating agents on Au@Ag NPs.

SRNOM coatings on Au@Ag NPs were detected in a concentration range from 0.5 to 50 mg/L
(Figure 3.6). Environmental concentrations of humic substances are about 0.5-4.0 mg/L in

river water and 0.5-40 mg/L in lakes.
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Figure 3.6 Characterization of different concentrations of SRNOM coating (0.5 mg/L, 10 mg/L and

50 mg/L) on Au@Ag NP.
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To confirm the effect of different nanoparticles on SERS enhancement, we have compared
the different SERS signals of AuUNPs as the core with final Au@Ag NPs. Figure 3.7 shows that

Au@Ag nanoparticles exhibit a higher SERS enhancement factor than AuNPs.

Au@Ag NP

Au NP

Intensity, arb. units

— S

50 350 650 950 1250 1550 1850

Raman shift (cm™)

Figure 3.7 The SERS spectra of 4-MBA coated on the surface of Au NPs and Au@Ag NPs.

It has been reported that Ag nanoparticles generate stronger SERS intensities than Au
nanoparticles of the same size'®3. However, synthesizing monodisperse Ag NPs is still
challenging. From the other side, Au nanoparticles are more uniform®4%5 Hence, Au@Ag
nanoparticles are an effective solution to synthesize more monodisperse nanoparticles with

high SERS enhancement.

The selection of proper laser wavelength is highly dependent on the application. Three
different excitation wavelengths of 532 nm, 633 nm, and 785 nm have been tested to select
the appropriate excitation wavelength. Figure 3.8 shows the recorded spectra of 4-MBA

coated Au@Ag nanoparticles with these laser excitation wavelengths.

46



h— J;

2

'c

=}

o —785nm
—

° —633nm
=

g N =—532nm
GJ . -

-

i

100 400 700 1000 1300 1600 1900

Raman shift (cm™)

Figure 3.8 The SERS spectra of 4-MBA on the Surface of Au@Ag NPs with different excitation

wavelengths. 1

The use of a 532 nm excitation laser can lead to thermal decomposition of the NOM and the
formation of amorphous C. The 633 nm laser provides a balance of high sensitivity and low
fluorescence which is optimal for the experiments. The spectra obtained as excited with a 785
nm laser show lower SERS enhancement. Therefore, further experiments were conducted

using a 633 nm laser.

Figure 3.9 shows the effect of size of NPs aggregates on the SERS spectra of the 4-MPy coated
Au@Ag NPs. With increasing the size of aggregate from less than 1 um to almost 4 um, the
more intensive SERS spectra are observed which can be attributed to the formation of more
hot spots. The formation of hot spots via aggregation depends on many factors such as size,
shape, and surface chemistry of the NPs. In colloidal solutions, the formation of hot spots are
controlled by the addition of aggregating salts like NaCl or KNO3, but this process is not well

reproducible.®>1%°
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Figure 3.9 Effect of aggregation size on the SERS spectra of 4-MPY on the surface of Au@Ag NPs.

(a) Selected aggregates with different sizes. (b) 4-MPy SERS spectra of selected aggregates.®

Figure 3.10 shows spectra acquisition of 4-MPy coated Au@Ag NPs deposited on a silicon

wafer, taken with different laser powers.
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Figure 3.10 Laser power dependency of 4-MPy SERS spectra on the surface of Au@Ag NPs at the
same location (a) and laser power induced alteration of 4-MPy coating based on the intensity ratio of
l1ss0/ 11600 peaks (b).**

It can be observed, that increasing the laser power during measurements, can also increase
the enhancement factor, but it also causes change in the structure of the carbonaceous
coating. Higher laser powers induce thermal damage to the coating structure and can be
suggested by the appearance of the G and D peaks. Also, the intensity ratio of peaks at 1580

49



and 1609 nm is also changing by increasing the laser power. Figure 3.10 (b) illustrates the
evolution of the ratio of lisgo/l1609 at different laser powers of 0.14, 1.4, 3.4 and 6.9 mW. It can
be observed that the intensity ratio increases with increasing the laser power. Finally, by
changing the laser power from 6.9 mW back to 0.14 mW, the intensity ratio will stay constant
and does not change. This phenomenon can show a laser power (thermal) dependent change
of the structure of 4-MPY coating on Au@Ag NPs leading to observed spectral changes. These
changes can be attributed to double-end-bonded state (Au@Ag/4-MPy/Au@Ag) formation of

coating via both sulfydryl and pyridyl in the structure of 4-MPy.1®

3.1.3 Competition of coating agents

Figure 3.11 shows the competition of coating agents when two of them are available at the
same time in the media and have contact with nanoparticles. The spectra are collected at the
same measurement conditions after optimization of the parameters. Figure 3.11 exhibits the
characteristic signals of 4-MBA when 4-MBA and SRNOM were both present in the media,
which shows 4-MBA binds more strongly than SRNOM to the nanoparticles. The same
situation was observed when 4-MPy and SRNOM were both present in the NP containing
system, and the spectrum showed the characteristics of 4-MPy which shows that 4-MPy also
binds more strongly than SRNOM to the NPs. The competition between 4-MBA and 4-MPy
showed that 4-MPy outcompeted 4-MBA and has a stronger bonding with Ag@Au
nanoparticles. The results indicate that 4-MPy binds more strongly than the other two coating
agents to the nanoparticles. This may be explained by the presence of S and N atoms at the

same time in 4-MPy, which leads to a stronger bond than just the S atom in 4-MBA.
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Figure 3.11 Comparison of binding of different coating agents and completion of coating agents.'*®

Figure 3.12 exhibits the SERS spectrum of nanoparticles coated with SRNOM after 24 hours
and also the nanoparticle containing systems which exposed to a second coating agent for 2
hours after 24 hours of coating with SRNOM. The spectra indicate the characteristic signals of
both coating agents at the same time. It shows that 4-MBA and 4-MPy bind to the nanoparticle
despite the SRNOM coating being previously formed. The band at 230cm represents the Ag —
N vibration of the nanoparticles.'®’ Both 4-MPy and 4-MBA are smaller molecules than the
SRNOM molecule, and due to presence of a S atom in their molecular structure, they can

strongly bind to the surface of the core-shell NPs, even when a coating has already formed.
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Figure 3.12 SERS spectra of SRNOM coating on Au@Ag nanoparticles after 24 hours (a) SERS spectra
of Au@Ag nanoparticle coated with SRNOM for 24 hours and afterwards exposed to 4-MBA (b) or 4-
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3.2 SERS performance of Au@Ag coated silicon wafer

3.2.1 Characterization of Au@Ag coated silicon wafer

SEM images were obtained to confirm if the Au@Ag NPS have successfully coated the silicon
wafer. Figure 3.13 shows the successful fixation of the Ag@Au nanoparticles on the surface of
the silicon wafer. The nanoparticles are mostly homogeneously distributed over the silicon
wafer surface as a monolayer. Also, additional SEM images show the formation of small
aggregates which play the role of SERS hotspots. The SEM images were done by Christine
Sternkopf at IWC.

Figure 3.13 SEM image of Au@Ag coated silicon wafer.

3.2.2 Detection of 4-MBA at different concentrations

4-MBA and 4-MPy were used as the probe molecules to evaluate the SERS performance,

including sensitivity, uniformity, reproducibility and stability of the as-prepared substrate.

Figure 3.14 shows the SERS spectra collected using the Ag@Au coated silicon wafer for 4-MBA
solutions of various concentrations. The intensity of the most prominent peak at around

1076 cm ™t enhanced obviously along with the increasing concentration of 4-MBA solution. As
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it can be seen, the detection limit of the substrate was found to be 5 x 10° M for 4-MBA

solution.
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Figure 3.14 SERS spectra of 4-MBA on the substrate with different concentrations and Intensity-log

plot for 4-MBA in plane (five replicates for each concentration).
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3.2.3 Detection of 4-MPy at different concentrations

The SERS spectra of various concentrations of 4-MPy on Ag@Au coated silicon wafer were

also studied and shown in Figure 3.15. The intensity of the most prominent peak at about 1097

cmtincreased with increasing concentrations of 4-MPy solution, and the detection limit was

found to be 5 x 10° M.
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Figure 3.15 SERS spectra of 4-MBA on the substrate with different concentrations and Intensity-log

plot for 4-MBA in plane (five replicates for each concentration).
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3.2.4 Uniformity of the substrate

To test the spot-to-spot uniformity of the as-prepared substrate, single SERS spectra of 19
random spots of the same substrate were collected, and the intensities of the most prominent
band at 1097 cm™ were compared (Figure 3.16). The results can be found in Figure 3.17, which
provides a favourable uniformity upon its entire surface. The relative standard deviation (RSD)

of the SERS intensity at 1091 cm™ is about 13.5%.

0.6 cm

Figure 3.16 random spots for SERS measurements.

Figure 3.19 shows the average peak intensity at about 1097 cm™ for 4-MPy on five different
substrates, and it shows that substrates are reproducible. Furthermore, the stability of the
substrate was investigated. Figure 3.20 shows the SERS spectra of 4-MPy adsorbed on fresh
SERS substrate and (b) the same substrate stored for 1 and 2 weeks. As displayed in Figure
3.20, the Raman spectrum intensity has weakened after the storage time, which can happen
due to the naked silver oxidation on the surface of the substrate.’®8170 This can lead to

decreasing the SERS activity of the Ag@Au core-shell NPs for SERS detection.
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Figure 3.17 Single SERS spectra (a), Raman signal intensity of the 1097 cm™ line(b) for 4-MPy (5 x

10 M) collected at 19 randomly chosen spots on the same substrate.
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Figure 3.18 Raman signal intensity of the 1097 cm™ line for 4-MPy (5 x 10°M) recorded on five

different substrates
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Figure 3.20 Raman spectra for 4-MPy collected on a freshly prepared substrate and substrates stored

for 1 or 2 weeks.
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To test the as-prepared substrate for practical applications, snow water and tap water were
collected and spiked with a stock solution of 4-MPy. Following the same procedure, the SERS
measurements were carried out, and the results are shown in Figure 3.19. The SERS signals of

the 4-MPy dissolved in Tap and snowmelt water show lower intensities than in DI Water.
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Figure 3.19 SERS spectra of 4-MPy diluted in snowmelt and tap water.

Furthermore, the SERS spectrums are nearly similar, expect an additional band with high
intensity at about 1024 cm™ for the spectra of dilution in tap water. Both situations can be
caused due to interference of inherent impurities in tap and snowmelt water. However, the

similar spectrums show the feasibility of using this SERS substrate for practical applications.
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3.2.5 characterization of TiO; coating by Au@Ag coated silicon wafer

Figure 3.21 shows the microscope image of the 4-MPy coated TiO, Nanoparticles on top of

the Au@Ag coated substrate. The green square was set as the SERS mapping area to detect

the 4-MPy coating by the substrate.

Figure 3.21 Selected area for SERS mapping of the 4-MPy coating of TiO, NPs by the substrate.

Figure 3.22 illustrates the result of the spatially resolved mapping of the 4-MPy coated TiO>
nanoparticles on the surface of the Au@Ag coated silicon wafer. The green dots show the
places in which the signals from 4-MPy coated TiO, are enhanced due to vicinity with the
Au@Ag coated silicon wafer. The blue dots show the points where just the signals from the
Au@Ag coated silicon wafer are detected. The red dots show the point where the signal from
the substrate and the TiO; itself are detected, but no significant signal from the 4-MPy coating

was detected. Single sample spectra from each of these areas are shown in Figure 3.23.
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Figure 3.22 result of the SERS mapping of the selected area.

It has been shown that Ag NPs form Ag—S bond instead of Ag—N bond due to more stability of
the system.196128 Therefore, TiO, NP connects with the N atom. It is believed that 4-MPy
molecules form a bridge between TiO, and Ag@Au nanoparticles which leads to SERS signal.

In our work, the 4-MPy coated TiO; nanoparticles did not show any SERS signal alone.

—— Ag@Au coated Si
——Ti02 on Au@Ag coated Si
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Figure 3.23 Single sample spectra of different areas during mapping of the selected area.
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3.3 Antibacterial and SERS application of modified TiO> NPs

3.3.1 Characterization of modified TiO2 nanoparticles

XRD is usually used for identification of the crystal phase structure and phase composition of
nanoparticles. In general, the XRD peaks at 26= 25.3°, 37.8° and 48.1° are identified as the
characteristic diffraction peaks of the anatase crystal phase. The XRD peaks at 26=27.5°, 36.1°
and 44.1° are identified as the characteristic diffraction peaks of rutile crystal phase.8%'7! The
XRD patterns of TiO, nanoparticles modified at different temperatures are shown in Figure
3.24. It can be seen from the XRD patterns that the amount of rutile phase is increasing
gradually with increasing the modification temperature and at 950 °C, all the anatase phase is

transformed to rutile phase.
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Figure 3.24 XRD patterns of the different powders modified at different temperatures.

Figure 3.25 shows the morphology and particle size of the nanoparticles by using the SEM
images. The TiO, P25 and modified nanoparticles at 500 and 650 °C have a sphere like

morphology with a 20-40 nm homogenous size.
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Figure 3.25 The SEM images of Degussa P25 titanium dioxide powders modified at different

temperatures (a) P25-0 (b) P25-500 (c) P25-650 (d) P25-800 (e) P25-950.

The nanoparticles modified at 800 and 950 °C have a sphere like morphology with a
heterogeneous particle size of 100-200 nm. Average crystallite size of the nanoparticles is

calculated based on the Debye-Scherrer equation given below:172173

0.9A
Bcos@

Dhxi =
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In this equation D is the crystallize size, A is the wavelength of X-ray (Cu Ka = 1.54056 A), B is

the full width at half maximum (FWHM) of a peak and 8 is diffraction angle.

The results of the BET surface area show that TiO; P25 has almost an identical BET value of 52
m2g! like nanoparticles modified at 500 and 650 °C. The particles modified at 800 and 950 °C
have a lower surface area of almost 14 and 5 m?g™ respectively, which is attributed to the

increase of particle size. The results of the BET measurements are summarized in table 1.

Table 1. Comparison of phase composition and surface features of the TiO, NPs modified at different

temperatures
Anatase Rutile
— — BET surface area
Samples | Content Crystallite size | Content  Crystallite size (m2g-1) E.g. (eV)
(%) (hm) (%) (hm)
TiO2-P25 86.5 21.6 135 29.3 51.99 3.44
P25-500 84.5 22.2 15.5 29.57 52.74 3.37
P25-650 70.9 23 29.1 31.5 51.11 3.29
P25-800 2.1 - 97.9 44.52 14.02 3.11
P25-950 - - 100 50.9 5.07 3.05

Figure 3.26 shows the result of the UV-vis DRS spectra of TiO, P25 and TiO, nanoparticles
modified at different temperatures. With increasing the modification temperature, samples
showed a red-shift of absorption edge toward longer wavelengths. This clearly indicates a
decrease in the band gap energy of TiO,. The Eg values are summarized in Table 1. The

decrease of the band gap energy is attributed to phase transfer from anatase to rutile.
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Figure 3.26 UV-visible diffuse reflectance spectra of Degussa P25 titanium dioxide modified at

different temperatures.

Raman spectroscopy was used as an additional method to confirm the phase transformation
of the modified nanoparticles (Figure 3.27). The rutile phase shows various bands at around
238, 448, 611 and 826 cm™L. The anatase bands are observed at 196, 395, 517 and 639
cm1.174-176 The comparison between the samples shows the transformation of the crystallite
phase from anatase to rutile with increasing the modification temperature. The red arrows in
figure 3.27, indicate the emerge of rutile bands because of phase transformation from anatase

to rutile by increasing the modification temperature.
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Figure 3.27 Raman spectra of Degussa powders modified at different temperatures. (The arrows

show the emerge of rutile bands because of phase transformation from anatase to rutile at 650 °C).

3.3.2 SERS measurement of coating on modified TiO2 NPs

Figure 3.28 illustrates the normal Raman spectra of 4-MBA in the solid state, in 0.1-M ethanol

solution, the normal Raman spectrum of TiO,-0 and SERS spectra of 4-MBA on TiO;-0. The

SERS spectrum of 4-MBA on TiO2-0 is consistent with those previously reported in

literature.'’”178 The spectrum is dominated by strong bands at about 1594 and 1078 cm™,
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which are assigned to aromatic ring vs, (a1) and vi2 (a1) characteristic vibrations, respectively.
The band at 1182 cm™ (v, a1) is attributed to C-H deformation mode. For comparison, the
normal Raman spectrum of TiO»-0 is illustrated in the figure, and no Raman peaks are
observed for TiO2-0 in the range of 800-1800 cm™. The intensity and position of the Raman
peaks for the SERS spectrum of 4-MBA adsorbed on TiO;-0 is significantly different from the
normal Raman spectra of 4-MBA in ethanol solution and also in solid form. This indicates that

Raman bands of 4-MBA molecules adsorbed on TiO,-0 particle are enhanced.
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Figure 3.28 SERS spectrum of 4-MBA adsorbed on TiO; (a) and the normal Raman spectra of TiO; (b),

normal Raman spectra of 4-MBA in 0.1 Methanol solution (c) and the solid state (d).

Figure 3.29 shows the SERS spectra of 4-MBA molecules adsorbed on TiO, NPs modified at

different temperatures in the furnace. It can be seen that the TiO2 NP modified at 500 °C shows

a significantly higher SERS signal.
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Figure 3.29 SERS spectra of 4-MBA adsorbed on TiO, NPs modified at different temperatures (a) The

plot of the SERS signal intensity of 4-MBA at 1594 cm™ versus the rutile phase (b).

By increasing the temperature from 500 °C to 650 °C, the enhancement declines, but anyway
the enhancement is still much higher than the unmodified NPs. With increasing the
temperature to 800 °C and 950 °C, the NPs show no enhancement, and therefore no SERS
signals from 4-MBA molecules adsorbed on the NPs are observed. The unmodified TiO2 NPs
and NPs modified at 500 °C, and 650 °C have similar crystallite size and surface area. Therefore,

68



the changes in the intensity of SERS signals cannot be due to a significant difference in the
amount of 4-MBA adsorbed on the surface of the NPs. There must be other factors
contributing to the additional SERS enhancement of adsorbed 4-MBA molecules on TiO2 NPs
modified at these temperatures. With increasing the temperature to 800 °C and 950 °C, the
SERS signal declines dramatically, and no peaks for the adsorbed 4-MBA molecules are
observed. In literature, it has been contributed to different anatase and rutile structure phase
for mixed crystal structure Ti02.27° It has been declared that at an appropriate proportion of
anatase and rutile phase, the optimal interaction between the phases and therefore, the

highest SERS enhancement signal can occur. The mechanism is explained as following:

The anatase TiOz has a band gap of 3.2 eV, which is different from the band gap energy of
rutile TiO, with 3.0 eV. So, their conduction bands are positioned differently. Anatase TiO; has
more oxygen vacancies (defects) and dislocations within the crystal lattice network than rutile
TiO2, enabling it to capture more electrons. Correspondingly, the excited state of anatase TiO;
has an active electron-hole pair potential with a higher oxidation-reduction capability. In
mixed phase TiO2 NPs, there is a band bending of the phases which helps interaction between
the phases and enables the holes to be transferred easily from surface state energy levels of
rutile phase to the surface state energy levels of anatase phase. The interaction between the
phases provides a TiO>-to-molecule CT in addition to the TiO2-to-molecule CT for single phase
anatase TiO,. Other studies have also reported the effective separation of photogenic charge
carriers due to the interaction between anatase and rutile phase, which leads to an overall
enhancement of the TiO,-to-molecule CT efficiency. Yang et al. mentioned that the
appropriate ratio of the anatase and rutile phase is approximately 85% and 15% respectively
and the enhancement declines dramatically when to ratio is 75% and 25% due to the excessive
low surface defects and surface active sites!®. In our experiment, the appropriate ratio of the
anatase and rutile phase is also in the same range with 84.5% and 15.5%. By increasing the
modification temperature from 500 °C to 650 °C, the anatase phase decreases to 75% (25%
rutile phase), but the decrease of SERS signal for adsorbed 4-MBA molecules is not dramatic
like what has been observed in the literature.!%> The reason can be due to the similar surface

defects and surface area for both NPs modified at both temperatures.
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3.3.4 Stability of coating

To investigate the coating's stability on TiO, NPs, the SERS spectra of 4-MBA coating with a
concentration of 10°3 molar on TiO2 NPs modified at 500 °C were taken after different washing
steps as illustrated in Figure 3.30. As it can be seen the SERS spectra declines noticeably when
two times washing steps are applied instead of one time washing step but no significant
change of the intensities are observed when the NPs are washed for more times which shows

the stability of the 4-MBA coating on TiO2 NPs.
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Figure 3.30 SERS signal intensity of 4-MBA at 1594 cm™ after different washing steps.
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3.3.5 Coating in the presence of metal ions

The effect of heavy ions on the SERS signal of 4-MBA adsorbed on TiO, NPs modified at 500 °C
was investigated. It was found that the SERS spectrum of 4-MBA is very sensitive to the
presence of heavy metal ions. Figure 3.31 shows the spectrum of 4-MBA solution with a
concentration of 10 Molar in the presence of copper ion with the same concentration. As it
can be seen the position of the main SERS signals exhibit some changes. The peak at about
1078 cm* shows a blue shift and the peak at about 1594 cm™ shows a redshift. Also, the
intensity of the peaks has declined in the presence of copper ion compared to the case when

just 4-MBA is present in the solution.
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Figure 3.31 SERS response of 4-MBA (1 x 103 M) to the presence of Cu?*.
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Figure 3.32 shows the spectrum of 4-MBA in the presence of mercury in a concentration of
103 Molar, and as it can be seen, the position of the peaks is shifted. The peak at about 1078
cm! shows a blue shift and the peak at about 1594 cm™ shows a red shift. The intensity of the
SERS peaks has also significantly increased. Additionally, in the presence of Hg*, new peaks are

observed which can be assigned to the ring distortion modes of 4-MBA.
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Figure 3.32 SERS response of 4-MBA (10 M) to Hg?* cation.
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Figure 3.33 The dependence of the peak intensity of the band at 1594 cm™ on different metal ions.

Figure 3.33 shows the intensity of the SERS peak at 1594 cm™ in the presence of different
metal ions. As can be seen, the intensity of the peak declines in the presence of Ca%*, Cd**,
Zn%*, Fe3*. It was also found that Fe3* has a much more effect on the intensity of the signal
than Ca?*, Cd?* and Zn?*. The intensity of the signal increases significantly in the presence of
Hg?*.

Figure 3.34 shows the SERS spectral region between 1570 cm™ and 1620 cm™. The graph
shows the shift of the peak at 1594 cm™ in the presence of metal ions. In the presence of Cu?*,
the peak is redshifted. In the presence of Cd?* and Zn?*, the peak is blue shifted. Ca?* does not

change the position of the peak. In the presence of Fe3*, no peak was observed.

The aforementioned observations of spectral alteration suggest that the metal ions might
interact with the 4-MBA molecules to form a complex, leading to the reorganization of the
adsorption process of 4-MBA at the surface of the TiO, NP, and also the related vibrations
becoming weakened or enhanced. The differences in the SERS spectra in the presence of
different metal ions can be due to the difference in the coordination surrounding between

metal ions and 4-MBA.
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Figure 3.34 SERS response of the band at about 1594 cm™ of 4-MBA to different metal cations.

Table 2 summarizes the amount of blue or redshift of the 4-MBA peak position in the presence
of different heavy metal ions.

Table 2. Shifts in position of 4-MBA SERS peak at 1594 cm™ in the presence of different metal ions

Metal ion Shift in peak position
(cm™)
CaZ+ 0
cd?t +3
Zn%t +1
Cu2+ -3
Hg?* -3
Fe3* No peak observed

3.3.6 Antibacterial activity under UV light

In cooperation with the Islamic Azad University of Shahreza in Iran, the photocatalytic activity
of modified TiO, NPs at different temperatures against sample bacteria (E.coli and S. aureus)
was investigated. Initially, blank control experiments (bacterial solutions without any catalyst)

were performed under dark and UV light irradiation. The results showed no significant colony-
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forming unit (CFU) decrease in nanoparticle free medium. Other experiments were conducted
under UV light under controlled conditions. All nanoparticles showed antibacterial activity
under UV light conditions (Figure 3.35). The inactivation efficiency under the UV light
conditions was as following order: P25-500 > P25-650 > P25-0 > P25-800 > P25-950
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Figure 3.35 Antibacterial activity of modified TiO, NPs against sample microorganisms under UV light.
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3.3.7 Influence of different factors on the antibacterial performance of TiO2 NPs

Influence of particle size

Normally, a higher specific surface area leads to a better photocatalytic activity of the NP.
Despite that, some studies show contradictive results regarding the size of the semiconductor
nanoparticles, in general, it has been observed that small NPs are more toxic than bigger
particles.'® The current experiment found that the antibacterial of TiO, decreased with
increasing particle size or decreasing the specific area. The NPs modified at 800°C, and 950°C
have bigger particle sizes than other particles with similar particle sizes. The smaller the

average size or higher the sample's surface area, the greater the observed antibacterial effect.
Effect of optical properties

There was a reverse relation between band gap energy and modification temperature of TiO;
samples. In general, it is believed that decrease in band-gap energy results in higher
antibacterial activity. In our study, there was no clear relation between bang pap and

antibacterial activity of the modified NPs.

Effect of crystal structure

Most of the studies show that anatase TiO2 NPs show a higher photocatalytic and antibacterial
effect than rutile NPs. Our study also observed that the crystal structure plays a role in

antibacterial activity.
Microorganism type

All samples exhibited antibacterial activity against both E. coli and S. aureus, but the
deactivation efficiency in the case of E.coli as a gram-negative bacteria was higher than S.
aureus, which is a gram-positive bacteria. The NPs antibacterial efficiency on gram-negative
or gram-positive bacteria is still debatable, but several studies have shown higher efficiencies
for gram-negative bacteria than gram-positive bacteria.'8%82 This difference can be due to
different cell wall structures of the two types of bacteria. A Gram-positive bacterial cell has a
thick multilayered peptidoglycan (PG) cell wall. In contrast, a Gram-negative bacterial cell

consists of a thin PG layer which can make the bacterial cell more susceptible. Also, it has been
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reported that fast-growing bacteria like E. coli are more susceptible than slow-growing

bacteria like S. aureus to NPs.
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3.4 Photocatalytic application of ZnO NPs with different morphologies
This chapter is based on joint work with the Islamic Azad University of Shahreza in Iran. The
results in this chapter have been submitted to the “International Journal of Environmental

Science and Technology”.
3.4.1 Characterization of ZnO nanoparticles

XRD analysis of ZnO nanoparticles are summarized in Figure 3.36. All of the ZnO nanoparticles
exhibited diffraction peaks correlated with those of (100), (002), (101), (102), (110), (103) and
(200) planes which can be exactly indexed as the wurtize ZnO with lattice constants a = 0.3249
nm and ¢ = 0.5206 nm. These results correspond well with the values in the standard card
(JCPDS 36-1451).18% Afterwards, ZnO powders were labelled as sample A, B and C, when
synthesized in 1-hexanol, ethylene glycol and water as solvents, respectively. According to the
XRD pattern, it can be concluded that all synthesized ZnO powders are crystallized well
because all peaks are very sharp. Also, no characteristic peaks from other impurities are
observed. Moreover, the particles size is estimated by employing Scherrer’s formula based on
the diffraction peak corresponding to the (002) plane, and the average particle size is 78, 64

and 49 nm for sample A, B and C, respectively.

. —— Sample A
. b ——Sample B
= ——Sample C

100)
(002)

E (
> (102)
} (110)
(103)
200)
(201)
(112)

|

Intensity

| l__Ut A A A A -

25 35 45 55 65 75
2-Theta (degree)

Figure 3.36 XRD patterns of the as-prepared ZnO nanoparticles synthesized in 1-hexanol (Sample A),
ethylene glycol (Sample B) and water (Sample C).28
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Further structural characterization of the ZnO powders was performed by SEM. The result of
the SEM measurements were provided by the colleagues during the joint work. As illustrated
in SEM images, different solvents contribute to the different morphologies of samples (Figure
3.37). It was revealed that the particles synthesized in 1-hexanol, ethylene glycol and water

have rod, sphere and flower shape, respectively.

6.00un 6.00 L

1.20 pm

Figure 3.37 The SEM images of synthesized ZnO particles. (a) Sample A;(b) Sample B; (c) Sample C.18*

In this experiment, external reaction factors such as zinc acetate dihydrate (the zinc source),
the concentration of precursors, pH, temperature, and time were kept the same for all of the
reactions. Thus, different morphologies of the various prepared ZnO samples can only be due

to the impacts of the different solvents.
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Figure 3.38 shows the UV-vis absorption spectra of synthesized ZnO powders. The optical band
gap (Eg) of the ZnO samples was calculated by extrapolation of the linear portion of (ahu)? as
a function of hu using the following equation:18

(ahu) 2 = A (hu-Eg)

Where a is absorption coefficient, hu is the photon energy, E; the optical band-gap energy
and A is a constant, depending on the electron-hole mobility, having a value between 10°
cm eV! and 10% cm™ eV, Good linearity was seen for different n values at n = 1 (direct
allowed transition) that revealed the best fit for ZnO samples (not displayed here). The band
gap value increases in the order of sample C (3.27) < sample B (3.31) < sample A (3.34), which

is in consistency with particle size.
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Figure 3.38 The UV-vis absorption spectra of synthesized ZnO nanoparticles.'®*

3.4.2 Photocatalytic activity

All of the ZnO powders were used to evaluate their photocatalytic activity in the presence of
UV light. Results of blank experiments showed that the removal of the azo dye of 20 mg/L was
negligible either during the 2h under the illumination of UV light, or with the addition of
photocatalyst when they were used alone. However, it was found that reduction of azo dye

with the addition of catalyst under the presence of UV light is considerable in contrast to blank
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experiments. Photocatalytic reduction results of different ZnO powders at a dye concentration
of 20 mg/L, catalyst loading of 0.2 g/L, reaction time of 2 hours, initial pH =5 are demonstrated
in Figure 3.39.
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Figure 3.39 The photocatalytic reduction of sample azo dye by synthesized ZnO nanoparticles.'®

It can be observed that all synthesized ZnO nanoparticles exhibited considerably high
photocatalytic activity under the presence of UV light. Also, it can be seen that the
photocatalytic activity of nanoparticles is inversely related to the particle size. The nanoflower
Zn0O showed the highest photocatalytic performance as 84.9% of the azo dye is eliminated
within 120 min. The high photo-activity of synthesized ZnO nanoparticles can be attributed to
their structure and morphology to absorb a large fraction of UV light. It can be concluded that
the particle size changes influence the photocatalytic activity of ZnO nanoparticles through
surface area improvement. Also, as reported in the literature, differences in photocatalytic
activity are related to the type and concentration of oxygen vacancies on the surface.

In this experiment, the kinetic behavior of photocatalytic reduction of azo dye was best

presented by a first-order rate equation:

Ln [Co/C] = kt
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In this equation, Cois the initial dye concentration, Cis the dye concentration at time t, k is the

rate constant, and tis the reaction time. LnCo/C against reaction time plots are drawn in Figure

3.40, and rate constants are deduced from the slopes.
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Figure 3.40 First-order kinetic model for the photocatalytic reduction of sample azo dye by prepared
ZnO nanoparticles (dye concentration= 20 mg/L, pH= 5, catalyst loading= 0.2 g/L).18*

Table 3 gives the comparative kinetic parameters and the corresponding coefficients of

determination for the dye photocatalytic reduction by synthesized ZnO nanoparticles. T, is

the half-life value (T2 = 0.6932/ k).

Table 3. Kinetic parameters and linear coefficient R? for photocatalytic reduction of azo dye by different

ZnO nanoparticles

Samples k (min %) T1/2 (Min) R?

Sample A 0.006 115.533 0.993
Sample B 0.011 63.018 0.989
Sample C 0.014 49.514 0.992

This result will contribute to the potential application of synthesized ZnO nanoparticles for the

treatment of dye contaminated wastewater.
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4 Summary and outlook
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4.1 Research summary

In the first part of this thesis, we reported the synthesis of a core-shell Au@Ag NP with a high
SERS enhancement factor to study the exchange and competition of different coating agents
with different binding abilities to simulate the release of NPs into a water body with several
potential coating agents. Suwannee River Natural Organic Matter (SRNOM), 4-
mercaptobenzoic acid (4-MBA) and 4-Mercaptopyridine (4-MPy) were selected molecules for
the experiments. SERS Experimental setup parameters such as aggregation size, laser
excitation wavelength and laser power were optimized before further experiments were
conducted. It was shown, 4-MPy has a higher binding affinity than SRNOM and 4-MBA through
the presence of simultaneous sulfur and nitrogen atoms which leads to dominating the
coating process when two coating agents are present in the media at the same time.
Furthermore, 4-MBA and 4-MPy make bonds to the SRNOM coated nanoparticle despite that
SRNOM coating has been previously formed. Therefore, with regard to the hypothesis
mentioned in the introduction, it can be concluded that the first contact of potential coating
agents does not drive the fate of the NPs which is rather controlled by a dynamic equilibrium

and weak coating agents can be replaced by stronger binding coating agents.

In the second part, the synthesized Au@Ag NPs were successfully coated on silicon wafer using
polydiallyldimethylammonium chloride to produce SERS substrates to detect different
molecules easily. 4-MBA and 4-MPy were selected as sample molecules, and a detection limit
as low as 5 x 10° M was obtained. Also, the application of the prepared substrate was
evaluated by measuring 4-MPy molecule in more complex media such as tap water and water
obtained from melted snow. The spectra obtained from 4-MPy in tap water showed an
additional band which can be contributed to the presence of ions and impurities in the media.
Also, the substrate was implemented to successfully characterize the 4-MPy coating on

unmodified Degussa P25 TiO; NPs.

In the third part, the P25 Degussa TiO2 NPs were thermally modified at different temperatures
of 500, 650, 800 and 950°C to achieve NP with different crystal structure, morphology and
size. The modified NPs were successfully used to characterize the formation and stability of
coatings by SERS and also as photocatalytic material for deactivation of Escherichia coli and
Staphylococcus aureus as model microorganisms. It was observed that the crystal structure of

TiO2 NPs plays an important role in their application. TiO2 NPs modified at 500 °C showed the
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highest SERS enhancement factor and also antibacterial activity against the sample
microorganism. The SERS results showed the stability of 4-MBA coating on TiO, NPs after
several washing steps. It was also observed that SERS Spectra of the coating show some
changes if heavy metal ions are present in the media during the coating process. The peak
positions of the SERS bands exhibit some apparent change with the kind of metal ion, showing

a blue or red shift compared with those in the SERS spectrum of 4-MBA.

In the last section, ZnO NPs with different morphologies were synthesized via an easy
hydrothermal method by using different solvents. The ZnO NPs were used for degradation of
a sample azo dye. SEM imaging revealed that the particles synthesized in 1-hexanol, ethylene
glycol and water have rod, sphere and flower shape, respectively. The photocatalytic
efficiencies of the ZnO NPs were affected by their different morphologies and crystal growth
habits, particle size and optical properties. Results indicate that flower-like ZnO NPs showed

significantly higher photocatalytic efficiency than rod- and sphere-like ZnO NPs.

4.2 Future research work

Microfluidic systems are progressively gaining attention and finding their way into real world
applications due to miniaturization of systems that are normally employed in laboratories.
These systems allow flexible and highly controlled manipulation of liquids, suspended particles
and biological samples. Therefore, integration of SERS and Microfluidic systems can be a key
enabler for future applications. Integration of microfluidic systems for the SERS measurement
of coating experiments would be another step toward a more realistic environmental

condition than the actual experimental setup carried out in the lab.

The main drawback in the application of semiconductors is their wide band gap energy,
limiting the spectral range of adsorbable solar photons to the UV region (A < 400 nm) which is
almost just 5% of the light reaching the earth’s surface. This drawback of semiconductors can
be improved by elementary doping, plasmonic enhancement or surface modification with
organic molecules. However, these methods can also decrease the material performance.
Therefore, further research can be done to increase the application of semiconductor material
as photocatalyst by different modification methods to improve their physical and chemical
properties. Also, the SERS application of semiconductors is a fast growing topic which further

research can be done in this field to develop semiconductor substrates for the detection of
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different chemicals. So far only a few molecules are found to be selectively enhanced by
semiconductors, which limits the application fields of semiconductor-induced SERS. Thus,
more studies are necessary to be conducted to better understand the semiconductor-
enhanced Raman scattering for further improvements from fundamental studies to real

practical systems.
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5 Abbreviations
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4-MBA

4-MPy

AFM

BET

CB

CFU

CIP

CcT

DBPs

DLS

EDX

EINP

EM

FCS

FFF

FTIR

FWHM

HA

HOMO

HPLC

HPSEC

ICP-MS
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4-mercaptobenzoic acid

4-mercaptopyridine

atomic force microscopy

Brunauer-Emmett-Teller

conduction band

colony-forming unit

ciprofloxacin

charge transfer

disinfection byproducts

dynamic light scattering

energy-dispersive X-ray spectroscopy

engineered inorganic nanoparticle

electromagnetic enhancement

fluorescence correlation spectroscopy

field flow fractionation

Fourier Transform Infrared Spectroscopy

full width at half maximum

humic acid

highest occupied molecular orbital

high-performance liquid chromatography

high-performance size-exclusion chromatography

inductively coupled plasma mass spectroscopy



LEIS

LSPR

LUMO

NB

NOM

NP

NTA

PDDA

PMMA

PVP

RS

ROS

RSD

SEM

SERS

SERRS

SFG

SIMS

SRNOM

STM

TEM

uv

low energy ion scattering

localized surface plasmon resonance

lowest unoccupied molecular orbital

Nutrient broth medium

Natural Organic Matter

nanoparticle

nanoparticle tracking analysis

polydiallyldimethylammonium chloride

poly (methyl methacrylate)

polyvinylpyrrolidone

Raman spectroscopy

reactive oxygen species

relative standard deviation

Scanning Electron Microscopy

surface-enhanced Raman scattering

surface-enhanced resonance Raman scattering

surface sum-frequency generation

secondary ion mass spectroscopy

Suwannee River Natural Organic Matter

scanning tunneling spectroscopy

Transmission Electron Microscopy

Ultra Violet
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VB valence band

XRD X-ray crystallography
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