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ABSTRACT

Plasmonic Nanoparticle Modified Substrate for SERS Sensing Applications
Gizem Hasibe Kanat
Master of Science in Chemistry
July 24, 2023

Numerous research on the toxicity of N-derived species like nitrite and ammonia
have been conducted as a result of their widespread existence in the environment. The
ecological system is threatened by nutrient pollution, which is mostly caused by heavy
use of fertilizers. Another source of pollution is the industrial gas chimneys and internal
combustion engines. Numerous analytical techniques, such as chromatography
.electrochemistry and colorimetry have been developed for the study of nitrite ions in the
literature [1]-[3].

Another advantage of developing NOx and NH3 detection devices is that they play a
role in disease identification. Nitrite and ammonia are biomarkers used to diagnose lung
and respiratory disorders, as well as kidney and digestive system diseases .[4]-[6].

Surface-Enhanced Raman scattering (SERS), due to its high sensitivity and
resolution, has been extensively researched since its discovery on a rough Ag surface. Up
to now, anisotropic noble metal nanostructures (Ag and Au) with tunable absorption
bands in a wide spectral range have demonstrated high SERS activity via electromagnetic
enhancement mechanism (EM) [7].

This dissertation is concerned with the manufacture of plasmonic metal particle
substrates and their application to the detection of N-derived molecules. The first two
parts present the synthesis of nanoparticles on copper plates. Ag and Au nanoparticle
modified copper films with different morphologies are investigated. The homogeneous
distribution of Ag and Au nanoparticles on the Cu surface resulted from successful
assembly of nanoparticles and surface characteristics of the used copper plate.

The final section presents the production of nanoparticles on a 3-D graphene oxide
framework. Three-dimensional (3D) graphene materials with distinct characteristics have
not yet been substantially investigated for SERS applications. Graphene aerogels (GA)
with Ag modifications were used as SERS substrates in this research.

SERS performance of substrates were examined by detecting an N-derived probe
molecule; Rhodamine B (RhB). The highest-sensitivity substrate is then used for nitrite
detection.

The detection limit for RhB molecules is 10 M for Ag NPs modified Cu substrate,
1071® M for Au-Ag NPs modified substrate, and 10 for Ag NPs modified GA substrate.
The SERRS technique (Surface Enhanced Resonance Raman Spectroscopy) was used to
study nitrite detection adopting azo dye production. The most promising substrate could
achieve detecting nitrite concentrations as low as 10*M.



OZETCE

SERS Algilama Uygulamalari i¢cin Plazmonik Nanoparcacik Modifiyeli
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Nitrit ve amonyak gibi N-tiirevi tiirlerin toksisitesi tizerine, ¢evrede yaygin olarak
bulunmalarinin bir sonucu olarak ¢ok sayida arastirma yapilmistir. Ekolojik sistem,
cogunlukla yogun giibre kullanimindan kaynaklanan besin kirlili§i nedeniyle tehdit
altindadir. Bir diger kirlilik kaynagi da endiistriyel gaz bacalari ve i¢ten yanmali
motorlardir. Literatiirde nitrit iyonlarinin incelenmesi i¢in kromatografi, elektrokimya ve
kolorimetri gibi ¢ok sayida analitik teknik gelistirilmistir [1]-[3].

NOx ve NH3 tespit cihazlarmin gelistirilmesinin bir diger avantaji da hastalik
tespitinde etkin rol almalaridir. Nitrit ve amonyak, akciger ve solunum bozukluklarimin
yani sira bobrek ve sindirim sistemi hastaliklarinin teshisinde kullanilan biyobelirteclerdir
[4]-[6].

Yiizey Destekli Raman sagilmasi (SERS), yiiksek hassasiyeti ve ¢oziintirligi
nedeniyle, piiriizlii bir Ag ylizeyinde kesfedilmesinden bu yana kapsamli bir sekilde
arastirllmistir. Simdiye kadar, genis bir spektral aralikta ayarlanabilir absorpsiyon
bantlarina sahip anizotropik soy metal nanoyapilar (Ag ve Au), elektromanyetik
giiclendirme mekanizmasi1 (EM) araciligiyla yiiksek SERS aktivitesi gostermistir [7].

Bu tez, plazmonik metal parcacik substratlarinin liretimi ve bunlarin N tiirevi
molekiillerin tespitine uygulanmasi ile ilgilenmektedir. ilk iki boliim, bakir plakalar
tizerinde nanoparcaciklarin sentezini sunmaktadir. Farklt morfolojilere sahip Ag ve Au
nanoparcacik modifiye bakir filmler incelenmistir. Ag ve Au nanopargaciklarinin Cu
ylzeyindeki homojen dagilimi, nanopargaciklarin basarili bir sekilde bir araya
getirilmesinden ve kullanilan bakir plakanin yiizey 6zelliklerinden kaynaklanmaktadir.

Son bolimde 3 boyutlu grafen oksit iskelet iizerinde nanoparcacik {iretimi
sunulmaktadir. Farkli 6zelliklere sahip ii¢ boyutlu (3D) grafen malzemeler SERS
uygulamalar1 icin henliz O6nemli Olgiide arastirilmamistir. Bu arastirmada Ag
modifikasyonlu grafen aerojeller (GA) SERS substratlar1 olarak kullanilmistir.

Substratlarin SERS performansi, N tiirevi bir prob molekiilii olan Rhodamine B
(RhB) tespit edilerek incelenmistir. En yliksek hassasiyete sahip substrat daha sonra nitrit
tespiti i¢in kullanilmistir.

RhB molekiilleri iin tespit limiti Ag nanoparcacik modifiye Cu substrat i¢in 108 M,
Au-Ag nanopargacik modifiye substrat icin 10™® M ve Ag nanopargacik modifiye GA
substrat igin 10%dir. SERRS teknigi (Yiizey Gelistirilmis Rezonans Raman
Spektroskopisi), azo boya iiretimini benimseyen nitrit tespitini incelemek icin
kullanilmistir. En basarili substrat 101*M kadar diisiik nitrit konsantrasyonlarini tespit
edebilmistir.
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Introduction 1

Chapter 1:
INTRODUCTION

1.1  Sensing

Sensing has grown significantly in importance for analyte marker analysis in
chemical, biological, safety, therapeutic, environmental, and other related sectors in the
recent, fast expanding globe. Fast examination and trace recognition have been found to
be crucial for detecting chemical and biological species in human-related fields including
medicine, food, drug testing, safety, etc. High sensitivity, repeatability and cost-
effectiveness appreciated to complete qualified research operations [8]. For the purpose
of identifying chemicals, spectroscopy, chromatography, fluorescence and
electrochemistry have all been suggested as common procedures to date. Additionally,
advanced characterization techniques that offer detailed insights include gas and liquid
chromatography, mass spectrometry, infrared or UV-Vis absorption spectroscopy,
nuclear magnetic resonance spectroscopy, Raman spectroscopy and colorimetric methods

allow for the detection of substances with low detection limits [9], [10], [11].

1.2  Nitrite detection

Toxic gases that accumulate in the atmosphere have been an environmental concern
worldwide over the years. NOx and NHs are the two primary pollutants commonly
observed among these gases. Internal combustion engines and industrial gas chimneys
are the two most significant sources of NOx-derived gases. The increase in the number of
such gases in the atmosphere has detrimental implications, such as global warming and
acid rain. NHz is produced by ammonia sources utilized in agriculture and some chemical
industries. Thus, the identification of nitrogen-derived compounds such as NH3z and NOx
in the air is critical because they endanger human and environmental health.

Nitrogen-derived molecule detection is also essential for disease identification. Many
diseases cause the human body to produce certain chemicals. These chemicals can be
identified using various methods to detect disease. NO2 and NHz are released in the
human body, presence of some detrimental diseases. Distinct illnesses result in distinct

body secretions. For example, NOx-derived compounds are identified in the breath of

1
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people suffering from lung and respiratory disorders such as asthma [4]-[6]. Even in the
early stages of the condition, it is possible to diagnose by measuring the amount of nitrite
in the patient's breath. Kidney or digestive system disorders, on the other hand, cause
considerable amounts of amine-derived compounds, particularly ammonia and alkyl
amines, to emerge in the breath. These amine derivatives chemicals are a type of chemical
that is commonly seen as a result of kidney illness, liver disease, or bacterial infections
such as H. Pylori [6], [12], [13]. Thus, detecting and monitoring NHzand NOx is essential
for the early diagnosis of diseases and for ensuring people's quality of life, and preventing

environmental pollution.

1.3  Raman Spectroscopy

Raman spectroscopy (RS), which originates from C.V. Raman's discovery of
inelastic scattering, offers a powerful method for obtaining unique vibrational
information and serves as a nondestructive technique for accurate substance
identification. Unlike absorption-based IR spectroscopy, RS is based on scattering
phenomena, providing substantial flexibility in instrument design and sample
manipulation [14].

Raman measurements are also very flexible, quick, and easy. Any given material,
whether liquid or solid, organic, or inorganic, crystalline or amorphous, can be measured
without any prior preparation.

One of the primary techniques used to acquire information about the lattice vibration
frequencies of a crystal is through the measurement of its Raman spectrum. The
fundamental understanding of the Raman effect has been established for a considerable
duration Specifically, incident light with an angular frequency (wi) has the capability to
interact with the crystal, resulting in the creation or elimination of one or more phonons
(lattice vibration quanta). The energy exchange, (+hw), experienced by the lattice is offset
by a corresponding frequency shift, (os = wi +®), of the scattered light (ws) [15].

Raman spectroscopy is an effective technique for characterizing materials because
of the high information content of Raman spectra. The development of micro-Raman
techniques that enable the characterization of small amounts of materials and/or small
regions within a material. Raman spectroscopy provides molecule-specific data, which is

a significant benefit over frequently used detection methods (such UV-visible). As Raman
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instrumentation has become easier to use, it has been adopted as a detection mechanism
in a wide range of separation techniques [11].

Raman spectroscopy is a rapid and non-destructive technique that allows for the
examination of various aspects of a material system, including crystal structure, electronic
structure, phonon dispersion, and electron-phonon interaction. When applied to 2D
materials, Raman scattering provides valuable structural insights through parameters such
as peak frequency, peak intensity, and full width at half maximum (FWHM). These
characteristics offer rich information about the material, including layer number, edge
chirality, lattice orientation, defect presence, doping levels, strain effects, alloy

composition, isotope concentration, and more [16].

1.3.1 Raman Scattering

There are typically three distinct steps in the Raman scattering process in materials.
A photon is first absorbed by an electron, which causes it to change from its ground
state to a virtual state. The electron is then undergoes to inelastic scattering by one or
more phonons. Finally, the electron relaxes back to the ground state, emitting a photon
in the process. During Raman scattering, there exists an energy difference between the
absorbed and emitted photons, referred to as the Raman shift. As illustrated in Figure
1-1, when the emitted photon has more energy than the absorbed photon, anti-Stokes
scattering occurs; when the emitted photon has less energy, Stokes scattering happens.

Energy
1 Virtual States

Vibrational States

1 Ground State
Rayleigh Stokes Anti-Stokes
scattering Raman Raman
Scattering Scattering

Figure 1-1: Schematic diagram of the energy transitions.
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The electron is scattered by a single phonon in the case of first-order Raman
scattering. The scattering of two or more phonons causes second- and higher-order Raman
peaks, which offer extensive information on the coupling between electrons and phonons
in materials. [15], [16]

A localized molecule vibration must be accompanied with a change in polarizability,
or a distortion of the electron density, in order to produce a Raman band. In contrast to
localized vibrations of singly bound or electron-poor groups, those of multiply bonded or
electron-rich groups (such as C=0, C=N, C=C, SS, SC, and SH) typically yield more

strong Raman bands.

1.3.2 Raman Instrumentation

Scattered light is investigated by Raman spectrometer. Light changes frequency and
color during the scattering process although it is not visible to the naked eye. It is caused
by the loss of energy during the interaction with matter, which causes molecular
vibrations. Because the Raman effect is relatively weak, it is analyzed by highly sensitive
spectrometers.

A Raman spectrometer, as displayed in the Figure 1-2, consist of different
components. Single colored lasers are used as a light source with wavelengths ranging
from 244 nm t01064 nm. Choice of the wavelength of laser depends on the material and
application. Lenses are used to focus the light on the sample and collect the scattered
light. High confocal lenses to long working distance lenses(100x,50%,20x) can be used
on the sample. And then filters aimed to collect only the Raman light. Another component
is the gratings or prisms which provide dispersion and longevity. To detect light, sensitive
detectors such as charge coupled devices (CCD) or photomultiplier tubes (PMTs) are
used. Detectors convert the incoming light into the electrical signals. A computer is
utilized to control the Raman spectrometer equipment and to obtain the spectrum. With
the combination of these components, weak Raman scattered light cand be analyzed and
the outcomes can be applied in various fields such as chemistry, material science or
biology [17].
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MNotch Grating
filter —\, [/ ceD
detector
Microscope
Sample _Li:?‘;“‘—r“l
(in situ cell)
EI: Laser source
{20 mWw)
| — ]
[=-]
Spot size
control

Figure 1-2: General drawing of the Raman imaging microscope [18].

1.3.3 Surface Enhanced Raman Spectroscopy

The most active area of Raman research over the past few years has undoubtedly
been SERS (Surface-enhanced Raman spectroscopy). Two recent advances in surface-
enhanced Raman spectroscopy have made a particularly big difference. The discovery of
extraordinarily high enhancement factors and the ability to detect single molecules by
various research groups has significantly heightened the potential of SERS to become the
favored method for ultrasensitive detection. The discovery that transition metal thin films
devoid of pinholes can be employed as SERS substrates on top of a SERS-active surface
is a second advancement with potentially broad-reaching implications. This is a
significant finding since it opens up the possibility of studying a number of new surfaces,
including those crucial to heterogeneous catalysis.[11]

Surface-enhanced Raman spectroscopy is an exceptionally sensitive method that
amplifies the Raman scattering of molecules using nanostructured materials as a support.
This technique enables the structural identification of analytes present in low
concentrations by utilizing plasmon-mediated amplification of electrical fields or
chemical enhancement. Due to its exceptional sensitivity and selectivity, SERS finds
extensive applications across a wide range of fields, including surface and interface
chemistry, catalysis, nanotechnology, biology, biomedicine, food science, environmental

analysis, and various other domains [19], [20].
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The pioneering work of Martin Fleischmann in 1974 can be credited with the
discovery of SERS. Raman spectroscopy was used by Fleischmann and his team to
examine the behavior of pyridine molecules adsorbed on roughened silver electrodes.
When the pyridine molecules came into contact with the silver surface, their Raman
signals became unusually intense, and they assumed that the surface-area effect was
responsible for the enhancement [21].

Later, in 1977, the phenomena was separately recognized by Jeanmaire and Van
Duyne[22] and Albrecht and Creighton [23]. Jeanmaire and Van Duyne found that two
enhancement processes contribute to the significant increase in Raman intensity observed
in Surface Enhanced Raman Spectroscopy. These are the surface enhancement effect and
the resonance enhancement effect due to the coupling of the scattering process with an
electronic transition in the adsorbed molecule. They also reported peak intensities that
were 5-6 orders of magnitude higher than expected. Albrecht and Creighton explained
this effect with expanded on Philpott's proposal, suggesting a resonant Raman effect
involving plasmon excitation. In 1975 Philpott proposed that broadened electronic energy
levels of molecules on roughened metal surfaces could induce resonant Raman scattering
through interaction with surface plasmons. [24]

Raman scattering is a rather inefficient process; hence it needs an improvement
method to be useful. The synergy between two components, namely electromagnetic
(EM) enhancement and chemical (CE) enhancement, gives rise to the overall
enhancement factor (EF) observed in SERS. The EM enhancement originates from the
excitation of plasmons in metal particles, while the CE enhancement occurs when the
target molecules can exchange electrons with the metal particles in both their ground and
excited states, often as a result of the formation of metal-molecule bonds.[19], [25], [26]
The low cross section of Raman chemical signals is often overcome by substantial
amplification, especially in nanostructured metals. Silver (Ag), gold (Au), and copper
(Cu) are frequently utilized metals due to their strong plasmonic characteristics and high
SERS enhancement factors. However, a crucial challenge in developing highly sensitive
SERS substrates lies in creating nanoscale hotspots, which are confined regions with
intensified electromagnetic fields. This entails creating small gaps between metal
nanoparticles to achieve dense concentrations of electromagnetic energy. Additionally,
the nanoparticle structure also contributes to hotspot formation, as geometries featuring

sharp nanoscale corners and edges further enhance the electromagnetic energy.[25], [26].
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The "lightning rod effect" is a term used to describe the field enhancement that occurs
after a strong potential gradient because of the curvature of a metallic interface [27].
Therefore, shape, size and interparticle space of the nanoparticles effects the results. As
a result, when designing the new SERS substrates, all the parameters must be carefully

chosen.

1.4  Plasmonic Nanoparticles

The surface plasmon resonance (SPR) phenomenon, which is the interaction of a
metal NP's conduction electrons with external electromagnetic fields, is related to the
optical properties. The size, shape, and other intrinsic geometrical characteristics of the
NP, as well as external characteristics like the refractive index of the surrounding
medium, have a significant impact on the resulting SPR [28]. The localized surface
plasmon resonances (LSPRs) of noble metal nanoparticles, such as those of Au and Ag,
are most frequently linked to electromagnetic enhancement [29].

Silver and gold nanoparticles are the most preferred plasmonic materials for SERS
applications due to their high enhancement factor, strong air stability, and low reactivity.
Bhunia et al. fabricated Carbon dot / silver nanoparticle films for SERS and studied on
the bacteria detection [30]. Zhou et al. combined Ag nanoparticles and graphene and
investigated the effects of nanoparticle size on SERS performance [31]. Guo et al. used
both gold and silver nanoparticles to create a highly sensitive SERS sensor with low
detection limits [32]. As stated by Starowicz et al., silver is more cost-effective and has a
higher enhancement value than gold, while gold is more stable and inert. Furthermore,
the electric field increasement for gold spheres is substantially weaker when compared to
silver spheres, as supported by this thesis dissertation. [33].

As depicted in Figure 1-3, metallic NPs can be synthesized via physical methods
such as ball milling, laser ablation, and vapor deposition, as well as chemical methods

such as chemical reduction, electrochemical, photochemical, and sonochemical
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processes. Biological approaches such as bacteria-mediated and plant-mediated methods

are also known [34].

Nanocubes

b

Nanodecahedran

Nanoflower

Nanoprisms

Nanorods
Nanobars

Figure 1-3: Silver nanoparticles with obtained various synthesis methods and
shapes are demonstrated [34].

Chemical reduction processes are well established, and shape and size of
nanoparticles can be regulated. Various compounds are often included in the formulation
as a precursor salt, reducing agent, and stabilizing/capping agent. The majority of bottom-
up methods lead to the synthesis of spherical NPs. However, there is currently a lot of
interest in shape-controlled synthesis, and scientists have successfully used chemical and

photochemical methods to synthesize NPs with a different geometries. [35]-[37].
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Chapter 2:
SERS SUBSTRATE: SILVER NANOPARTICLE DECORATED
COPPER

2.1 Introduction

To date, spectrophotometry, chromatography, electrochemistry have been proposed
as typical approaches for detecting nitrogen-derived compounds in the environment.
Advanced characterization technologies such as gas chromatography, mass spectroscopy,
infrared or UV-Vis absorption spectroscopy, nuclear magnetic resonance spectrometer
and colorimetric methods enable detection of compounds with low detection limits [9],
[10]. In the field of medicine, breath or body fluids are utilized to identify N-based
compounds. Kidney and respiratory diseases release significant amount of NHz and NOx
gases through breath, respectively, thus utilizing human breath for the detection of
diseases is one of the applicable and fast method that allows real time detection. In the
early 1970s, Pauling et al. employed gas chromatography to detect compounds in human
breath [6], [38]-[40]. Chromatography can be used to identify nitrite, but it is expensive
and unsuitable for routine nitrite monitoring in the field [1]. Moreover, the change of
optical, electrochemical, electrical, and spectroscopic properties of indicators used for
detection purposes. Sensors based on electrochemical detection exhibit significant noise
levels and low sensitivity [1]. Chemiresistive sensors are commonly used; when the
chemicals being analyzed react with the material of the sensor, which is often semi-
conductors or conductive polymers, the sensor's resistivity changes. Chemiresistive
sensors can be employed for the NH3 gas detection because NHz alters conductivity of
semi-conductor materials and create a response. Chemiresistive sensors are easy the
manufacture, gives fast response, and has high sensitivity however, they require high
temperatures, periodic calibration maintenance and have selectivity issues [40], [41]. The
creation of inexpensive, quick, portable, and user-friendly sensors is a current focus.
Optical detection of molecules was preferred in this study.

Surface Enhanced Raman Spectroscopy is a frequently used optical approach for
detecting molecules. SERS devices, in contrast to colorimetric, electrochemical, and
fluorescent sensors, identify the molecular spectral fingerprints of analytes and/or convert
the sensing signal by directly obtaining the analyte's SERS spectrum [1]. Because of its

9
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selectivity, exceedingly high sensitivity, and fingerprint effects, SERS has been chosen
for detection of compounds in extremely low concentrations. Specifically, the integration
of organic reagents in SERS-based devices is particularly suited for applications aimed at
the detection of small inorganic compounds with small Raman cross-sections and
frequently poor affinity toward the metal surfaces [42]. The Raman signals increase in
very high orders as a result of the local electromagnetic field that is created on the metal
nanoparticles when they contact with the Raman spectrometer laser. In this manner, even
single-molecule identification might be feasible [19].

In this chapter, Ag nanoparticle deposited Cu substrates were prepared via simple
and rapid method and readily used as a reliable SERS detection substrate. SERS
performance is evaluated using an N-group probe molecule. The morphologies and
performances of substrates were compared, and optimum ones were chosen for

subsequent applications.

2.2  Materials and Methods

2.2.1 Materials

All the chemicals were used as received without further purification. Polycrystalline
Cu foil (25 um thick, > 99.99%, MTI corporation), silver nitrate (AgNO3z, Sigma-
Aldrich), ethylene diamine tetraacetic acid (EDTA, Sigma-Aldrich), stannous chloride
(SnCly, Sigma-Aldrich), Rhodamine B (RhB, Alfa Aesar), All solutions are prepared with

distilled water.

2.2.2 Synthesis of Ag modified Cu substrates

At the beginning of the experiment, square pieces of Cu plates were cut into 2x2 cm
pieces. To remove any organic impurities, the plates were underwent ultrasonic washing
with acetone and ethanol each for 2 minutes, subsequently washed with 1% (wt% in
water) sulfuric acid for 4 minutes and remaining acid suspended with distilled water.
After cleaning the Cu plates, they were immersed into to 1.5 mM SnCl> for 10 minutes to
adsorb stannous ions onto their surface. The plates were then washed with deionized
water. The cleaned Cu plates were then immersed in a mixture of 5 mL AgNO3z (3 mM)
and 5 mL EDTA (3 mM). The surface of the Cu plates were gradually formed diverse

10
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morphologies of Ag NPs throughout different timeframes of immersion in silver salt
EDTA mixture. 5-minutes, 10-minutes, 20-minutes and 3 times 5 minutes immersion
times were studied. Afterward, substrates were rinsed with DI water and dried by nitrogen
gas Substrate obtained following continuous 20-minute immersion and intermediate 5

minutes x 3 intervals immersion named Ag/Cu and flowerlike-Ag/Cu, respectively.

2.2.3 Preparation of RhB stock solution

Rhodamine B was prepared by dilution of the stock solution with distilled water up

to 10" M. Prepared stock solutions were kept in a dark and cold place.

2.2.4 Structural characterization of Silver modified Cu substrates

Surface chemical structure of the films were analyzed with X-ray photoelectron
spectroscopy (XPS, Thermo K-Alpha) with Al Ka source. The fittings for the
experimental data were done with Avantage software. Morphology of the NP deposited
films were investigated with Field Emission Scanning Electron Microscopy (FESEM,
Zeiss Ultra Plus).

2.2.5 Detection of RhB by SERS using NP modified Cu substrates

Raman spectra were recorded using Raman microscope (Renishaw Invia) with 50X
objective lens (NA=0.75) with 2.72 mW laser power. For RhB spectra 633 nm laser was
used. For each measurement 10 spectra were collected from different spots on the sample
to ensure the repeatability. Spot size on the sample refers to the area or size of the laser
beam that is focused on the sample is 2.5 um. SERS substrates were immersed in 0.5 mL
Rhodamine B solution for 6 hours prior to Raman detection. Then substrates were dried

naturally.

2.3  Results and Discussion

2.3.1 Structural characterization of substrates

As shown in Figure 2-1 in order to synthesize the SERS substrate, the Cu plate was
first immersed in the reducing agent (SnCl,) and Sn*? ions were absorbed on the surface.

A sample equation is given as [43] ;
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Sn?* — Sn** + 2¢° (2.1)
2AQH + 28 — 2Ag° (2.2)
Sn?* + 2Ag* — Sn** + 2A¢° (2.3)

Absorbed Sn*?ions were acted as attachment sites for Ag* ions, which were then reduced
to Ag® ions. Through the process, more clumping in the Ag particles resulted in the
development of bigger clusters. As a result, Ag nanoparticles were generated on the
surface. The FESEM images are displayed in Figure 2-2. According to the figures it was
observed that FESEM images were confirmed the silver nanoparticle formation on the Cu
plate.

A o
, / » °oy {) Ag flower-like Nps

Cu plate @Snions
-

() Ag Nps

Figure 2-1: The synthesis of Ag NPs/Cu SERS
substrate is shown schematically.

As a capping agent, EDTA was used in the synthesis of Ag nanoparticles. Capping
agents have a stabilizing effect and inhibits the agglomeration of nanoparticles with
increased nucleation. Figure 2-2 demonstrates that the size of metal particles on EDTA-
capped samples is small and the size distribution is narrow. The capping agent influences
not only the size but also the shape of the nanoparticles. They can bind to different
crystallographic surfaces and change their growth rates [44]-[46]. Where EDTA was not

attached, the particle expanded in that directions to create a nanoparticle.
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The investigation of increasing silver salt immersion times of 5 minutes, 10 minutes,
20 minutes, and 30 minutes are depicted in Figure 2-2. Longer immersion times were
resulted in larger Ag nanoparticle sizes, and the shape of Ag nanoparticles were changed.
After 20 minutes of reaction time, the Ag nanoparticles were lost their sharp nanoscale
tips and tended to become denser. This shape reduces SERS performance due to lower
electromagnetic energy caused by the loss of sharp nanoscale corners and edges. It has
been demonstrated that areas with significant radius of curvature (sharp tips/edges) are
where localized electromagnetic fields are most powerful. The electromagnetic
enhancement mechanism was discovered to be the most effective mechanism on SERS
behavior. Fan et al. studied effects of different shaped Ag nanoparticles on SERS
performance. They stated that when compared to spherical particles, Ag nanoparticles in
the form of nanocubes and octahedra produce stronger SERS signals, with Ag octahedra
producing the strongest SERS signals. They observed that the enhancement factors of

nanocubes are eight times greater than those of spherical particles [29].

Figure 2-2:SEM image of silver nanoparticles grown on Cu plate for 5, 10, 20 and
30 minutes (a-b-c-d, respectively).

Copper foil was utilized as a substrate because it is inexpensive and provides a

flexible substrate with a weak and featureless background signal in SERS. Copper is

13



SERS SUBSTRATE: Silver Nanoparticle Decorated Copper
14

mentioned in the literature as an alternative to noble metals. It is known as a SERS-active
substrate and is used because of its low toxicity, excellent optical properties, and
conductivity. Pereira et al. investigated copper nanostructures and their SERS properties,
obtaining remarkable enhancement factors ranging from 107 to 10® [47]. The optical and
SEM image of an empty copper plate, and SEM image of a particle covered copper plate
displayed in Figure 2-3. It shows that on the surface of Cu plate there are lines in parallel
series produced from its polishing process, called striation. The foil's striation direction
offers an ideal setting for the growth and nucleation of silver nanoparticles. Figure 2-3(c-
d) shows that the nanoparticles grew in accordance with the foil's surface lines, which
helped the nanoparticle deposition process and created well-ordered nanostructures. It
enabled in the uniform distribution of nanoparticles, prevented random agglomeration,

and promoted more hot spots on the surface.

Figure 2-3: (a) Optical image of copper plate (b) SEM image of copper
plate (c-d) Silver nanoparticle deposited copper plate

Well-ordered nanostructures are typically possible through time-consuming synthesis and
self-assembly procedures, or through expensive patterning techniques like e-beam
lithography [48]. Macias et al. studied surface roughness effects of the SERS performance
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and they concluded that rough arrays exhibits greater values of the electric field intensity
and hot spot densities compared to smooth ones [49]. Tang et al. created wrinkled
patterned structures by releasing the flexible polymeric surface after straining. They
generated hot spots on the sharp edges and obtained high electromagnetic field
enhancements [48]. By combining literature and our findings, we may conclude that
striations on the Cu plate provide sufficient roughness for EM enhancement while also
assisting in the maintenance of well-ordered nanoparticles on the surface.

Figure 2-4 demonstrates two types of substrates; (a-b) Ag/Cu (c-d) flowerlike-
Ag/Cu. Substrates with two different morphologies were examined further for molecule
detection using Raman spectroscopy.
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Figure 2-4: SEM image of (a-b) Ag/Cu (c-d) flowerlike-Ag/Cu
The first substrate is a silver deposited sample with a 5-minute reaction time. The second
substrate was generated by repeating the 5-minute reaction time three times. By repeating
the silver deposition step, flower-shaped Ag nanoparticles were obtained. This shape is
favored for a variety of reasons, all of which result in electromagnetic enhancement. The
combination of aggregated nanostructures and roughened metal surfaces results in
anisotropy, which in turn can give rise to a robust electromagnetic coupling [50]-[52].
Flower-shaped particles have been built up of assembled Ag nanoparticles. The
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accumulation on top of each other increased the roughness of the substrate. Furthermore,
its design assisted in the creation of more sharp edges, resulting in hot spots. Shape has
anisotropically distributed Ag NPs and nano-gaps are formed. A large number of active
sites were generated both within the particle and between neighboring particles. To
summarize, roughness, sharp edges (hot spots), and nanogaps are all desirable qualities
for obtaining an ultra-high sensitive SERS substrate.

The surface composition of the copper substrates was examined using X-ray
photoelectron spectroscopy (XPS), shown in Figure 2-5. Figure 2-5(a) and (b) belongs to
Cu 2p spectra of the Ag/Cu and flowerlike-Ag/Cu respectively. They have two major
peaks that corresponded to Cu 2p1» and Cu 2pasz at 932.7 eV and 952.4 eV, accordingly.
The peaks at 933.4 and 953.78 eV refer to the Cu species that have been oxidized.
Additionally, the satellite peaks lie between 940-945 and 960-965 eV [53]. Ag 3d spectra
with binding energies of 368.1 eV and 374.1 eV are displayed in Figure 2-5 (c). Similar
intensities between Ag/Cu and flowerlike-Ag/Cu indicate that the Ag composition on the

surface is similar to each other.
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Figure 2-5: XPS spectrum of Cu 2p (a) Ag/Cu (b) flowerlike-Ag/Cu, Ag 3d (c) both

substrates
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2.3.2 Detection of RhB by SERS using NP modified Cu substrates

Rhodamine B (RhB) was used as a probe molecule in this study to analyze the SERS
activity of Ag NPs with various morphologies on Cu plates. RhB has been applied to
SERS studies because to its distinctive Raman signals and N-containing molecule
structure. Raman spectrum of the of RhB detection performed on the Ag/Cu and flower-
like Ag/Cu substrate is shown in Figure 2-6. With SERS enhancement effect, decreased
concentrations of RhB ranging from 10* M to 10® M could be detected. As predicted
signals become weaker as concentration decreases. The Raman spectrum of the RhB
displays three major bands located at 1357, 1507, 1646 cm™. Intensities of these
prominent bands are strong and can be detectable at low concentrations. SERS peaks of
RhB spectrum are attributed to aromatic stretch vibrations (1646, 1527, 1357 cm™), C-C
bridgeband stretch vibration (1279 cm*), C-H in-plane bend vibration (1198 cm™) [54].
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Figure 2-6:SERS spectra of 10“ M to 10®M RhB detection by (a) Ag/Cu (b)
flowerlike-Ag/Cu substrate

Raman spectrum of bare Cu plate is shown in Figure 2-7. Cu does not exhibit any
interference peaks between 800 and 1800 cm™, where probe molecule detection is

explored, and it has a featureless background under SERS, as was before mentioned.
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Figure 2-7: Raman spectrum of bare copper plate

2.4  Conclusion

In this chapter, synthesis, characterization, and SERS analysis of silver nanoparticle
decorated copper substrates is investigated. Silver nanoparticles were successfully
synthesized on the copper plate with a good distribution on the surface. Their presence is
validated by SEM and XPS analysis. Substrates that have different morphologies and
distributions created by changing the silver salt deposition time and method. To obtain a
highly sensitive SERS substrate, the form, size, and interparticle space of the
nanoparticles must be considered. SEM pictures aided in deciding on the best possible
morphology. XPS results confirmed the surface chemical structure of the prepared
substrates. The Cu 2p spectrum validated the presence of distinct oxidation states on the
surface, whereas the Ag 3d spectrum supported the presence of elemental form of Ag
nanoparticles (Ag®), and the strength of peaks demonstrated the similar composition of
Ag produced on both substrates.

SERS study performed with the probe RhB molecule between 10* M to 108 M. The
primary peaks of RhB at 1357, 1507, and 1646 cm™ correspond to different vibrational
modes of the molecule could be observed. The detection limit of 10® M was achieved

using the flowerlike Ag/Cu substrate.
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Chapter 3:
SERS SUBSTRATE: SILVER AND GOLD NANOPARTICLES
DECORATED COPPER

3.1 Introduction

Silver is well-known as a good electromagnetic enhancer. In comparison, gold has
greater stability than silver, but its enhancing factors are often smaller. However, because
silver is quickly oxidized, its enhancement will decrease over time. Developing a
substrate for SERS that uses both silver and gold will enable the exploitation of each
material's beneficial characteristics [55]. The SERS enhancement factor is greater when
Au and Ag are combined.

As mentioned before, the shape of the nanoparticles plays an important role in the
development of the substrate. Hu et al. investigated the SERS performance of gold
nanorods utilizing cationic and anionic dye molecules. They stated, gold nanorods
demonstrates better SERS performance compared to gold nanospheres because of the
anisotropy. They exhibit excellent chemical durability, configurable plasmon absorption
bands and strongly curved surface characteristics with higher local field enhancement
[56].

Tong et al. developed a SERS substrate for detection of hexamethylenetetramine and
employed Au and Ag together on the substrate. They claimed that the wider and stronger
plasmon resonance of the combined nanoparticles led to a larger enhancement on Raman
signals than using only gold [57]. Kiistner et al. worked with gold/silver nanoshells for
SERS in bioanalytical applications, reporting a 180-fold increase in peak intensity for the
combination of gold and silver nanoshells compared to single gold particles [58]. As a
result of the high enhancement factors, it is well known that the synergistic effect of gold
and silver together will allow going lower limit of detections.

In Chapters 2 and 3, RhB was used as a probe molecule to investigate the
performance of the SERS substrate. The addition of gold enabled the detection of the RhB
molecule at concentrations as low as 107*® M. Thus, depending on this advancement,
target molecule; nitrite detection is being studied.

Griess test is a standard method for nitrite monitoring. Griess reagent and nitrite

solution undergo a reaction, and a red-pink color is generated. The presence of nitrite is
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indicated by this color. However, at low concentrations, color change is not visible, and
the approach has a limited sensitivity. The molecular spectral fingerprints of analytes can
be identified by SERS devices and the sensing signal can be acquired by directly
obtaining the analyte's SERS spectrum [1].

Nitrite detection is not achievable utilizing the nitrite molecule directly, hence
SERRS (Surface-Enhanced Resonance Raman Scattering) is used to make it possible.
The SERRS effect can be used to improve SERS signals even further. Peaks are enhanced
when the analyzed molecule's absorption matches the frequency of the incident laser of
the Raman spectrometer. This resonance effect enables single-molecule detection[59],
[60]. An effective method for the indirect detection of nitrite is the use of azo dyes as
active Raman molecular probes. A coupling reaction occurs between phenol and
diazonium ions, producing azo dyes[61].

Li et al. reported nitrite detection on SERS substrate based on modified azo dye
formed by 4-aminothiophenol, nitrite, and N-(1-naphthyl) ethylenediamine
dihydrochloride in acid conditions. They used both silver and gold nanoparticles and
reached 9.0 nmolL"* limit of detection [60]. Zheng et al. studied nitrite detection, used
silver nanopyramids and gold nanostars and functionalize the NPs with 1-naphtylamine
and 4-aminothiophenol, respectively. They reached a detection limit of 0.6 pg/mL for

nitrite in water [1].
3.2  Materials and Methods

3.2.1 Materials

All the chemicals were used as received without further purification. Polycrystalline
Cu foil (25 um thick, > 99.99%, MTI corporation), silver nitrate (AgNO3z, Sigma-
Aldrich), auric acid (H[AuCls], Sigma-Aldrich), ethylene diamine tetraacetic acid
(EDTA), stannous chloride (SnCl,, Sigma-Aldrich), hydrochloric acid (HCI, 37%,
Sigma-Aldrich), 4-Aminothiophenol (4-ATP, Sigma-Aldrich), naphthylamine (1-NA,
Sigma-Aldrich), Rhodamine B (RhB, Alfa Aesar), sodium nitrite (NaNOz. Sigma-

Aldrich). All solutions are prepared with distilled water.
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3.2.2 Synthesis of Ag- Au modified Cu substrates

Synthesis of Ag modified copper substrates used in this chapter were explained in
Section 2.2.2. Formerly prepared Ag-copper substrates (Ag/Cu and flowerlike-Ag/Cu)
further immersed into 5 mL of SnCl; solution (1.5mM) for 10 minutes, rinsed with water.
Later immersed in mixture of 3 mL of H{AuCls] (3 mM) and 5 mL of EDTA (3 mM) for
2 minutes, to obtain gold nanoparticles on top of silver nanoparticles. Finally, to avoid
the over exposure to the gold solution and stopping the reaction, it is crucial to promptly
dry the substrate using nitrogen gas to eliminate any residual droplets on the surface.

3.2.3 Synthesis of Azo dye

4-ATP was dissolved in 0.01 M HCI, and 1 mM solution was obtained. 1ImM 1-NA
solution was prepared by dissolving in deionized water. Varying nitrite concentrations
(1x10* M to 1x10** M) were prepared by diluting the nitrite stock solution. Then 10 ml
nitrite solution and 1mL 4-ATP were mixed to obtain diazotization reaction. The
diazonium salt was mixed with 1 mL 1-NA and azo dye formation was observed with
color change. Color was turned to orange-pink in higher concentrations of nitrite samples.

3.2.4 Structural characterization of Ag-Au modified Cu substrates

Surface chemical structure of the films were analyzed with X-ray photoelectron
spectroscopy (XPS, Thermo K-Alpha) with Al Ka source. The fittings for the
experimental data were done with Avantage software. Morphology of the NP deposited
films were investigated with Field Emission Scanning Electron Microscopy (FESEM,
Zeiss Ultra Plus).

3.2.5 Detection of RhB and Nitrite by SERS using Ag-Au modified Cu substrates

RhB detection was done by the same procedure explained in Section 2.2.5. Raman
spectra were recorded using Raman microscope (Renishaw Invia) with 50X objective lens
(NA=0.75). A 532 nm laser with a power of 16.3 mW was employed as an excitation
source for RhB detection. A 785 nm laser was used as an excitation source for nitrite
detection. For each measurement 10 spectra were collected from different spots on the
sample to ensure the repeatability. To detect nitrite, the SERS substrates were dipped in
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0.5 mL Azo dye solution synthesized with varying nitrite concentrations (1x10* M to
1x101* M) for 15 minutes and allowed to dry naturally. Subsequent to drying substrates

were rinsed with distillate water and dried again.

3.3  Results and Discussion

3.3.1 Structural Characterization of substrates

As mentioned in the Chapter 2, Ag NPs modified Cu substrates were synthesized on
the surface of copper plate with using reducing agent; stannous chloride and capping
agent; EDTA. SERS performance was investigated and 10 M of LOD was obtained for
RhB probe molecule. In this chapter as depicted in Figure 3-1, Au NPs deposited onto Ag
modified substrates to further enhance the SERS behavior. Two types of substrates

obtained: Ag-Au/Cu substrate and flowerlike-Ag-Au/Cu substrate.
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Figure 3-1: The synthesis of flowerlike-Ag-Au/Cu and flowerlike- Ag-Au/Cu
SERS substrate is shown schematically.

Cubic gold nanoparticles were obtained from the procedure of 2 minutes of
deposition of metal salt and the capping agent. According to the literature, EDTA can act
as a reducing and capping agent [46]. Shape control of nanoparticles is dependent on
particle growth Kkinetics and surface energies of different facets. However, due to the
faceting tendency of the stabilizing agent, different types of stabilizing agents used in the
synthesis result in different shapes of nanoparticles. The surface energy order of the FCC
crystal structure is given in the equation; y{111} <y{100} <vy{110}. M. Kim et al. and
Sau and Murphy investigated the cubic structure of gold nanoparticles using

cetyltrimethylammonium bromide (CTAB) as a stabilizing agent and concluded that
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binding preference on facets of CTAB resulted in the cubic shape of Au nanoparticle.
They stated CTAB has a tendency for binding to the {100} faces rather than the {111}
faces, allowing Au ions to be deposited on the {111} faces which cause them to vanish
and {100} faces to form. [62], [63]. Merging literature with our case, EDTA might be
considered to support the formation of the cubic form of the particles obtained in this
study.

As shown in Figure 3-2 a SERS substrate containing gold particles without the
addition of silver was constructed to evaluate the SERS enhancement of gold
nanoparticles on Cu plate. The homogeneous dispersion of gold nanoparticles on the
copper plate is demonstrated by SEM pictures. Higher immersion time results in denser
Au nanoparticle distribution. SERS data for gold-deposited samples were obtained. SERS
enhancement of the substrate was expected to be limited because gold has lower

enhancement factors.

Figure 3-2: SEM image of Au deposited Cu substrates; (left)10 minutes, (right) 20
minutes.

From the sorts of substrates discussed above, the first type (Au-Ag/Cu) is illustrated
in Figure 3-3. It is produced by treating the Ag/Cu substrate mentioned in Chapter 2 with
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gold. At greater magnifications(500kx), cubic gold nanoparticles can be seen well
established above silver nanoparticles. The SEM image of second type of substrate shown
in Figure 3-4, was created by treating a flowerlike-Ag/Cu substrate with gold. Despite the
Ag-Au/Cu substrate, it has a rougher surface, which causes hot spots due to sharp edges
and curvatures caused by the flower-shaped deposition process. According to SEM
pictures, gold nanoparticles were distributed equally on both substrates.
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Figure 3-3: SEM images of Au-Ag/Cu substrate

As seen from Figure 3-5, longer reaction time for both substrates were studied. Figure
3-5(a) demonstrates SEM image of Ag-Au/Cu substrate. Figure 3-5(b) demonstrates
flowerlike-Ag-Au/Cu substrate with 4 minutes gold nanoparticle reaction time. Gold
nanoparticles begin to over-populate on the surface as reaction time increases, inhibiting
the active sites of silver nanoparticles by covering them. This also made it difficult for
analyte molecules to connect to the silver site of the substrate. Moreover, hotspots caused

by nanogaps are hindered by excessive growth of the particles.
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Figure 3-5: SEM image of 4 minutes reaction time of gold deposition samples (a)
Ag-Au/Cu substrate and (b) flowerlike-Ag-Au/Cu substrate

To evaluate the surface structure XPS data obtained and demonstrated in Figure 3-6.
Figure 3-6(a) belongs to the Au 4f and has two peaks at the binding energies at 84.0 and
87.7 eV. Peaks belongs to the Au4f72 and Au4fs;, spin—orbit coupling, associated with
elemental gold (Au®) [64]. Ag-Au/Cu and flowerlike-Ag-Au/Cu substrates showed the
same intensity peaks of Au-4f, indicating a similar distribution of Au nanoparticles on the

surface after 2 minutes of deposition. Figure 3-6(b) belongs to the Ag 3d spectrum and

25



SERS SUBSTRATE: Silver and Gold Nanoparticles Decorated Copper

26

has two peaks at the binding energies at 368.1 eV and 374.1 eV. Peaks corresponds to the

Ag 3ds2 and Ag 3ds/, respectively, which is related to elemental silver (Ag°) [31].
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Figure 3-6: XPS spectrum of Au 4f (a)both substrates, Ag 3d (b) both substrates,
Cu 2p (c) Ag-Au/Cu

The flowerlike-Ag-Au/Cu has higher intensity peaks than the Ag-Au/Cu. Before Au

deposition, both substrates revealed equal intensity of Ag peaks in the XPS study, as

shown in Chapter 2 Figure 2-5 (c). While the surface of the Ag-Au/Cu substrate has a

larger coverage of Au NPs, the surface of the flowerlike-Ag-Au/Cu substrate has both

gold and silver NPs, which may explain the higher SERS performance of the flowerlike-

Ag-Au/Cu substrate. To learn more about the composition of the surface, Cu composition

characterized by the XPS. Figure 3-6(c) shows XPS spectra of Cu 2p. It displayed two

main peaks at the 932.7 eV and 952.4 eV, matching Cu 2p12 and Cu 2ps2. The oxidized

Cu species are represented by the peaks at 933.4 and 953.78 eV. Furthermore, the satellite
peaks are positioned between 940-945 and 960-965 eV [53]. According to XPS analysis,
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the gold to silver ratio on Ag-Au/Cu samples is 1-1, whereas the gold to silver ratio on

flowerlike-Ag-Au/Cu samples is 1-3.

3.3.2  Detection of RhB by SERS using Ag-Au modified Cu substrates

The SERS performance of Ag-AuNPs/Cu after Au deposition was found to be
superior to that of Ag/Cu substrate. The synergic effect of gold and silver is evaluated in
Figure 3-7 by comparing the intensity of peaks formed by the 10 M RhB probe molecule
on different substrates. When the peak at 1646 cm™ was considered, gold addition on the
Ag structured substrate resulted in a 7-fold increase in intensity. As mentioned in Section
1.2, gold nanoparticles are known to have lower enhancement factors than silver
nanoparticles. When comparing the bimetallic substrate to the Au/Cu substrate, the

intensity obtained is found to be 160 times higher.
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Figure 3-7: Difference between SERS spectra of 10 M RhB detection by (red)
flowerlike-Ag/Cu and (green) flowerlike-Ag-Au/Cu and (purple) Au/Cu substrate

Moreover, with addition of Au nanoparticles the detection limit is dramatically
improved to 10°%® M. The extreme "hot spots" are generated by plasmonic interaction
between the Au and the Ag nanoparticles, greatly enhancing the overall SERS
performance [1]. The SERS spectra of RhB adsorbed on Ag-Au/Cu is shown in Figure
3-8. The Figure 3-8 shows characteristic RhB peaks between 1000 and 1800 cm, peaks
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appeared at 1189, 1279, 1357, 1507, 1646 cm™. Three major peaks can be detectable at

the lowest detection limit are 1357, 1507, 1646 cm™.
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Figure 3-8: SERS spectra of 10® M to 10" M RhB detection by Ag-Au/Cu
substrate
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Figure 3-9 displays the SERS spectra of RhB adsorbed on flowerlike-Ag-Au/Cu. 10
4 M to 10716 M detection range of RhB is shown.
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Figure 3-9: SERS spectra of 10 M to 107 M RhB detection by flowerlike-Ag-
Au/Cu substrate
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Flowerlike-Ag-Au/Cu substrate demonstrated higher intensity peaks than the Ag-Au/Cu
substrate, attributed to the differences in morphology of both substrates. Aggregated
nanostructures, roughened metal surfaces, anisotropy can lead to strong electromagnetic
coupling [50]-[52].

These findings suggested that AgNP shapes did, in fact, play a significant role in
boosting target molecules' SERS signals. Therefore, we select the Ag-Au/Cu substrate in
the shape of a flower as the subject of our ongoing nitrite detection research.

SERS spectra of 10 M RhB were measured at 10 locations to illustrate the
repeatability of the SERS signal of flower-shaped Ag-AuNPs/Cu shown in Figure 3-10.
The goal was to determine if the flower-shaped Ag-AuNPs/Cu substrate provided robust
SERS enhancements for RhB molecules at the specified concentration. The results
demonstrated that the SERS signal intensities at all ten locations were remarkably

consistent, with minimal variation observed in the Raman peaks.

A
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Figure 3-10: SERS spectra of 10-4 M RhB with flowerlike-Ag-Au/Cu substrate
from 10 locations.
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3.3.3 Detection of Nitrite by SERS using Ag-Au modified Cu substrates

Due to the limited chemical and physical absorbability’s of metal surfaces, the SERS
of nitrite is weak [60]. The diazo reaction of amino groups and nitrite ions, followed by
the azo reaction, has been developed to facilitate SERS detection of nitrite ions in acid
environments. As seen in Figure 3-11 ,the diazotization reaction between the coupling
agent,1-naphthylamine (1-NA) and the aromatic amine, 4-aminothiophenol (4-ATP)
occurs when nitrite ions are present in the assay, resulting in an azo compound that
displayed the SERS fingerprints. Under acidic conditions (pH=2-3), nitrite ions react with
the amine group of 4-ATP to create diazonium salt. After the diazotization reaction, 1-
NA and diazonium salt further react, producing azo dye. Azo dye displays an orange-pink
color, indicating that the reaction was formed successfully. When azo dye is deposited on
the surface of a substrate, 1-naphtylamine binds the silver NPs from the amine group and
4-aminothiophenol attaches the gold NPs from the thiol group [1], [42], [65].

NH, NH,

+ © -N—Oz; H,N N=N-©—SH
[ &

=

Figure 3-11:Reaction between 4-ATP, 1-NA and Nitrite molecules forming azo dye
compound.

Figure 3-12 shows characteristic peaks of the 4-ATP are clearly spotted where
positioned at 1075 cm™, 1170 cm™, 1584 cm™. This peaks are belong to the a; type
vibrational mode; C-C stretching, C-S stretching, C-H in-plane bending, parallel C-C
vibration stretching [66]. 1-NA showed 2 dominant peaks at 1365 cm™ and 1532 cm™.
Three distinct SERS peaks at 1140 cm™, 1380 cm™, and 1434 cm™* were produced by the
existence of nitrite. The 1140 cm™ peak is attributed to C-N=N vibration with phenyl
rings, the 1380 cm™ peak is associated with the C-C vibration with phenyl rings coupled

with N=N stretch, the 1434 cm™ peak is assigned to trans isomer of N=N peak [60].
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Figure 3-12: SERS spectra of 10° M Azo dye, 1-NA and 4-ATP on flowerlike-Ag-

Au/Cu

From Figure 3-13, it is observed that SERS peaks of nitrite appeared as predicted and

the 1140 cm™ peak responded most sensitively to nitrite. It exhibits a well-decreasing

tendency from high to low concentration, starting from 10® M. The limit of detection

could measure as low as 10°** M of nitrite concentration used initially before azo dye

synthesis.
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Figure 3-13: SERS spectra of 10 to 10"1*M nitrite detection by flowerlike-Ag-

Au/Cu substrate
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3.4  Conclusion

This section covers Au nanoparticle deposition to the Ag/Cu and flowerlike Ag/Cu
substrates produced in Chapter 2. Gold nanoparticles were synthesized on the copper plate
with the same method employed in the Ag nanoparticle synthesis. Synergistic effect of
both plasmonic particles utilized to obtain a stable substrate with high enhancement
factors. Different reaction times was studied to obtain a uniform distribution of
nanoparticles on the substrate without losing active sites of the Ag NPs and nano scale
gaps that supports the electromagnetic enhancement with creating hotspots. SEM analysis
assisted in the investigation of surface structures. According to the XPS data, the
elemental form of Au nanoparticles presents with a similar intensity on both substrates.

SERS performances of gold deposited substrates were investigated via Raman
Microscope. For probe molecule detection (RhB), both substrates demonstrated LOD of
101*M. However, the flowerlike Ag-Au/Cu substrate demonstrated stronger intensity
peaks at the lower limit of detection, leading to its selection for nitrite detection. Nitrite
detection was studied with accounting on the SERRS method by utilizing azo dye
molecule synthesized with diazo reaction for in-direct detection. LOD could reach low as
104 M.,
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Chapter 4:
SERS SUBSTRATE: SILVER MODIFIED GRAPHENE AEROGEL
FOR RHODAMINE B DETECTION

4.1 Introduction

As mentioned before SERS has two enhancement mechanisms: electromagnetic
enhancement (EM), chemical enhancement (CM). In comparison, the CM effect is less
powerful than the EM effect; although EM may improve the Raman signal by 5-10 orders
of magnitude, CM can improve it by just 2 orders of magnitude. [67]. However, the SERS
signals will significantly improve when EM and CM are coupled. Chemical enhancement
is a result of physico-chemical interaction of molecule with the substrate. Then the
vibrational modes of the Raman cross-sections changes by the change of a molecule's
polarizability [68]. Between the molecules of the probe and the substrate, charge is
transferred, producing CM [69].

Due to its strong reactivity and abundance of functional groups containing oxygen
on the surface and edges, graphene oxide (GO) can be considered one of the most
significant derivative of graphene [31]. Through p-p stacking, hydrophobic and
electrostatic interactions with polyaromatic regions, and functional groups, GO structures
can connect with a wide range of organic compounds [7]. These properties make graphene
oxide as a good candidate for the SERS applications. Aside from the 2D graphene oxide
structure, the 3D structure known as aerogel has lightweight, excellent chemical stability,
high conductivity, and specific surface area features [70]. Three-dimensional (3D)
substrates had a large specific surface area compared to low-dimensional modes, which
can improve the contact between the goal molecule and the substrate, increasing the
sensitivity of detection [71].

In several sturdies graphene and its derivatives coupled with nanoparticles used as
SERS substrates. Lv et al. investigated a few layers of nitrogen doped graphene generated
using chemical vapor deposition (CVD) and measured its SERS properties using the RhB
probe molecule [69]. Kim et al. examined GO coating on polymer functionalized -Ag
nanoparticles using rhodamine 6G as a probe and reported a high stability substrate with
good reproducibility. GO contributed to their research by hindering AgNP oxidation and
its CM property helped in the enhancement of Raman signals [72]. As a first time Liu et
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al. employed 3D graphene structure for SERS applications. For the dye molecules, they
obtained a SERS enhancement factor (3.1x 10%) and a detection limit (108 M) [71].
Here 3D graphene aerogel supported Ag nanoparticles are studied as a SERS
substrate. Metal salt reduction method employed to obtain the nanoparticles on the 3-D
graphene aerogel structure. RhB as a probe molecule utilized to investigate the SERS

performances of substrates.

4.2  Materials and Methods

421 Materials

All of the chemicals were used as received, with no further purification. Graphite
(natural, 99.9995%, Alfa Aesar), sodium nitrate (NaNO3z, 99%, Alfa Aesar), potassium
permanganate (KMnOas, Merck Millipore), hydrogen peroxide (H202, 30%, Merck
Millipore), hydrochloric acid (HCI, 37%, Sigma Aldrich), sulfuric acid (H2SO4 ,95-
97%, Sigma Aldrich) silver nitrate (AgNOs3, Sigma-Aldrich), Filter papers (cellulose
nitrate, 0.45 pum, Sartorius Stedim Biolab).

4.2.2 Synthesis of Graphene oxide

The modified Hummers method was used to synthesize the graphene oxide. First, a
concentrated H2SO4 solution was used to dissolve two grams each of NaNOs and graphite.
By placing the reaction vessel in an ice bath, the temperature of the mixture was kept
below 5 °C as 12 g of KMnO4 were slowly added to the mixture. Once the KMnO4 had
been added, the ice treatment was stopped, and the solution's temperature was allowed to
rise to 40°C. After heating the mixture for 30 minutes at 75 °C, the reaction was then
stopped by adding 300 mL of ice-cold distillate water and 30% H.O>, until yellow foam
vanished. The obtained powder washed by using 5% HCI and water, three times each.
Graphite oxide solution was sonicated in an ultrasonic bath for 4 hours to exfoliate the
solution to produce a single layer nanosheets. Later solution was centrifuged at 1000 rpm

for 30 min to discard the aggregated sheets.
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4.2.3 Synthesis of Ag modified GA substrate

Figure 4-1 depicts the synthesis of Ag-modified GA substrate. Already synthesized
graphene oxide and silver salt mixed in different weight ratios of 0.25 and 0.50 for 30
minutes. Final GO concentration was used as 3.0 g/L at the total volume of 40 mL. The
mixture put in PTFE lined stainless-steel bomb and hydrothermal treatment was applied
at 180°C for 3 hours. After cooling down naturally, produced monolithic hydrogels
immersed in DIW. Solvent-exchange was applied using acetone for 3 times for 3 days.
To obtain the aerogel without losing the porous structure, alcogels dried with CO>
supercritical drying method (Spe-ed SFE-15,000, Applied Separations, Inc.) at 120 bar
50°C for 2 hours.

To reduce the metal salt and obtain the Ag nanoparticles, thermal treatment applied
at split tube gas furnace. Powder degassed with Ar at 110°C for 30 minutes The gas was
changed to an Ho/Ar combination (10:90, 200 mL per minute), and the temperature was
raised to 650 °C with a 5 °C per minute rise. The furnace was maintained at 400 °C for 1
hour. Later, it was cooled down naturally. Obtained powders named as GA/Ag(o.25) and
GA/Ag(0.50).

doe, 1) Supercritical CO,

/ Drying
50 °C, 12.0 MPa

Hydrothermal

2) Heat
reaction

treatment/reduction
180°C, 3 h T °C, H2/Ar(1:5)

Silver NPs
/Graphene
Aerogel

Graphene
hydrogel

Graphene oxide
solution

Figure 4-1: Synthesis of Ag-modified graphene aerogel from graphene oxide

solution

4.2.4 Structural characterization of Ag-Au modified Cu substrates

Surface chemical structure of the films were analyzed with X-ray photoelectron
spectroscopy (XPS, Thermo K-Alpha) with Al Ka source. The fittings for the
experimental data were done with Avantage software. Morphology of the NP deposited
films were investigated with Field Emission Scanning Electron Microscopy (FESEM,
Zeiss Ultra Plus).
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4.2.5 Detection of RhB by SERS using Ag modified GA substrate

The RhB solutions were prepared in ethanol in concentrations between 10*M to 10°
®M. Powder substrates were dispersed in ethanol at concentration of 10 mg/mL. Later, for
6 hours, 0.2 mL substrate and 0.5 mL probe molecule were mixed. 10 puL of mixture was
dropped onto clean Al plate and dried naturally. Raman spectra were collected via Raman
microscope (Renishaw Invia) with 50X objective lens (NA=0.75) and a laser power of

16.3 mW. For the detection, a 532 nm laser was used as an excitation source.

4.3  Results and Discussion

4.3.1 Structural Characterization of substrates

XPS analysis assists in the evaluation of functional groups on graphene oxide
structures. Oxygen-containing functional groups are partially removed during the
reduction process. The XPS C1s spectrums of GA/Ag(.25) and GA/Ag(.50) are shown in
Figure 4-2(a) and Figure 4-2(b), respectively. XPS data was deconvoluted into three
peaks. Peak at 284.5 eV belongs to the carbon-carbon binding such as C-C/C=C/C-H,
286 eV belongs to the hydroxyl and epoxy groups C-O-C, C-OH, and 289 eV belongs to
the carbonyl and carboxyl groups, C=0, O=C-OH [73]. Peaks associated with oxygen
functional groups do not exhibit greater intensities because when silver salt is converted

into silver nanoparticles, graphene aerogel is also reduced.
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Figure 4-2: XPS C1s spectrum of (a) GA/Ag(.25) (b) GA/AJ(0.50)
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Figure 4-3 demonstrates the O1s spectrum, deconvoluted into three peaks. 531 eV,
533.5 eV and 535 eV. Peaks are belonging to the oxygen double bond to aromatic
crbon, C=0, oxygen single bonded to aliphatic carbon, C-O-C, oxygen single bonded to
aromatic carbon C-OH [74].
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Figure 4-3: XPS Ol1s spectrum of (a) GA/Ag(.25) (b) GA/Ag(0.50)
Figure 4-4 illustrates the Ag3d spectrum, which has two peaks. 368.1 eV and 374.1
eV corresponds to the Ag 3ds2 and Ag 3ds/2 respectively. The peaks correspond to the
metallic Ag presents in the Ag® form [31]. Sample with the higher weight ratio of silver

(GA/Ag(0.50)) displays higher intensity as expected.
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Figure 4-4: XPS Ag 3d spectrum of (a) GA/Ag0.25) (b) GA/Ag(0.50)
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The SEM images are shown in Figure 4-5(a) belongs to the non-reduced-GA/Ag(o.25)
Figure 4-5(b) belongs to the non-reduced GA/Ag(o.50) (c-d) belongs to the GA/Ag(0.25) X (e-
f) belongs to the GA/Ag(0.50).

Figure 4-5: SEM image of before reduction; (a) GA/Ag(0.25) (b) GA/Ag(0.50), after
reduction; (c-d) GA/Ag(.25) (e-f) GA/AY(.50)

Figures show that graphene sheets were layered and joined to create a porous aerogel

structure in three dimensions. Figure 4-5(a) and (b) demonstrates, there are few particles
visible before reduction, but the most of it is created after reduction. The particles
generated from their metal salts prior to reduction could have been caused by the pressure

and heat exerted during hydrothermal treatment and supercritical CO2 drying. SEM
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images after reduction process (c,d,e,f,), show GA sheets that have been decorated with
aggregated Ag nanoparticles. Because both samples were reduced at the same
temperature and time, the nanoparticle sizes are similar. Ag nanoparticles has
approximate sizes of 60 nm and has a homogenous distribution on GA.

SEM image of GA/Ag (1) sample has 1 to 1 weigh ratio of GA to Ag shown in Figure
4-6. Because of high Ag nanoparticle density over the GA structure formation of bigger
particles and aggregates are observed. The active sites of the Ag atoms were lost as a
result of this type of aggregation.

"y ..

KLWTAM

S000KX EHT=1000kY  Signal A=InLens WD = 5.2 mm IProbe = 200.0 nA

Figure 4-6: SEM image of thermally (400°C) reduced 1.0 wt ratio of GA/Ag.

4.3.2 Detection of RhB by SERS using Ag modified GA substrate

Raman spectra of graphene aerogel is shown in Figure 4-7, displaying 4 different
peaks between the 500 cm™ to 3200 cm™. The bond between the sp? carbon group in the
ring and the chain elongated, resulting in the formation of the G band. The ring's breathing
mode from the aromatic sp2 carbon leads to the formation of the D band. The line shape
of the G' band has been generally employed to determine the number of layers present in
graphene. The D and D' bands in the Raman spectrum serve as distinctive markers for
identifying the edge chirality and various types of defects in graphene, respectively.
Additionally, the intensity and frequency of the G and G' peaks provide valuable
information regarding the doping levels, strain effects, and isotope concentration in
graphene. D and G bands' intensity ratios (Io/lg) can be utilized to measure the defect
concentration and the types of defects, respectively [16], [71]. In sequence, 1342, 1589,
2682, and 2914 cm™* bands correspond to D, G, D', and G' bands.
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Figure 4-7: Raman spectrum of graphene aerogel
SERS detection of RhB molecule were done by 532 nm laser. As shown in Figure
4-8, RhB characteristic SERS peaks have been identified. The characteristic bands
attributed to various RhB vibration modes were detected at 1357, 1507, 1646 cm™. LOD
was found to be 10° M with the substrate GA/Ag(.25) and 10° M with the substrate
GA/Ags0). Figure X reveals that the RhB bands are being interfered with by prominent
peaks of graphene oxide structure (1342 and 1589 cm™).
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Figure 4-8: SERS spectra of RhB detection by (a) GA/Ag(0.2s5) (b) GA/Ag(.50)
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4.4  Conclusion

In this part silver nanoparticle modified graphene aerogels were synthesized starting
from the graphite. Hydrothermal treatment was applied to obtain the 3-D interconnected
structure from graphene oxide sheets. Supercritical CO. drying was used for producing
aerogel structure from the hydrogel form. Different weight ratios of graphene oxide to
silver were investigated to find the best composition. Later samples were characterized
by SEM and XPS analysis. SEM datas showed homogenous distribution of spherical Ag
nanoparticles on the graphene aerogel structure. The existence of oxygen functional
groups in graphene oxide, as well as the presence of silver in elemental form, was
demonstrated by XPS analysis.

SERS activities of substrates GA/Ag(.25) and GA/Ag(o.s0) were examined using RhB

molecules for detection. The LOD was determined to be 10-6 and 10-5, accordingly.
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Chapter 5:
CONCLUSIONS & OUTLOOK

In conclusion, this dissertation focused on the development and application of
plasmonic metal particle substrates for the detection of nitrogen-derived molecules. The
synthesis and characterization of silver (Ag) and gold (Au) nanoparticles on copper (Cu)
plates were investigated, along with the production of nanoparticles on a three-
dimensional (3D) graphene oxide framework.

The first part of the research involved the synthesis of Ag nanoparticles on Cu plates,
second part focused on the effects of Au nanoparticle addition on the already synthesized
substrates. Successful assembly of nanoparticles on the Cu plate resulted in a
homogeneous distribution of Ag and Au nanoparticles. Various analytical techniques
such as scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS) employed to characterize the surface characteristics and compositions of the
substrates.

Third part of the study investigated the production of silver nanoparticles on a 3D
graphene oxide framework. Graphene aerogels (GA) with Ag modifications were used as
SERS substrates. SEM and XPS analysis confirmed the uniform distribution of Ag
nanoparticles on the graphene aerogel structure and showed the surface composition.

The SERS performance of the substrates was evaluated using the probe molecule
Rhodamine B (RhB). The flowerlike Ag-Au/Cu substrate exhibited the highest
sensitivity, with a detection limit of 10"® M for RhB molecules. Silver modified Cu
substrates showed 108 M, silver modified graphene aerogel substrates showed 10° M
limit of detection. Furthermore, the most promising substrate used for nitrite detection
employing the in-direct azo dye method with SERRS detection exhibited 104 M LOD.

For future works, one promising area for exploration is the gas sensing using the
developed substrates. Study can focus on the detection of various nitrogen derived gases.
While this dissertation primarily focused on the detection of nitrite, additional
investigation into ammonia detection can be employed as an area of research.

Additional investigations could concentrate on environmental monitoring using
water or soil samples or disease identification utilizing saliva or breath samples to serve
the main objective of this study. To sum up, more investigation and optimization of these

substrates could lead to advancements in pollution monitoring and disease diagnosis.
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