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In recent years, two-dimensional (2D) materials have gained crucial interest in several
fields. This interest is noted after the discovery of graphene in 2004 using the scotch tape
exfoliation method. Among the synthesized 2D materials, we are interested in transition
metal dichalcogenides (TMDCs) thanks to their fascinating features citing the indirect-to-
direct bandgap crossover, large surface-to-volume area, high carrier mobility...

The most studied TMDCs material is molybdenum disulphide (MoS). Actually,
researchers are also paying attention to tungsten disulfide (WS2) and molybdenum selenide
(MoSe) illustrating a wide potential of applications, especially as chemical sensors.
Indeed, the sensing field become more significant due to its use in daily and practical life.

In this thesis, we are interested in the development of two different types of sensors;
electrochemical and plasmonic-based on the 2D-TMDCs nanosheets (NS). Herein, we
have exfoliated MoSz, WSz and MoSez> NS using the liquid phase exfoliation (LPE)
technique. By using these nanosheets, we have created different nanocomposites which

were used later as sensing layers for different analytes.

For electrochemical sensors, we have chosen a low-cost, simple-to-use device known as a
screen-printed carbon electrode (SPCE) where the working electrode is modified with
several modifiers. Two different fields of application were our focus: medicine and
agriculture user cases. For the first one, we chose folic acid (FA) and dopamine (DA) as
analytes. Regarding FA known also as vitamin B9, its determination was on the AuNPs-
MoS; system showing a new sensing mechanism. Indeed, the FA molecules are strongly
adsorbed on the surface leading to the decrease of the anodic current peak instead of its
increase when adding FA concentration. This fact was referred to as the reduction of gold
nanoparticles (AuNPs) active sites number. Moreover, the determination of DA has
occurred by using SPCE modified with nanocomposite based on MoSe, and green
synthesized AuNPs (AuNPs-MoSe;). An outstanding improvement in the DA Faradic
current was noted and inferred to the band between DA and AuNPs surface. For the
agricultural field user case, we used the modified SPCE with graphene oxide-tungsten
disulphide (GO-WS) for the determination of a fungicide known as Thiram. Herein, we
observed a good performance toward this analyte at low concentrations. Thus, we studied

the effect of the variation of the GO to WS; ratio on the electroanalytical behaviour.



For the plasmonic sensors, we have used the exfoliated nanosheets coated with noble metal
for the detection of different analytes using enhanced Raman spectroscopies (ERS):
surface-enhanced Raman spectroscopy (SERS), and photo-induced enhanced Raman
spectroscopy (PIERS). Indeed, the Au-MoS; sensing layer was used to determine 4-
mercaptobenzoic acid (MBA) and FA where we noticed a good performance. Moreover,
the MBA molecules were used also to check the efficiency of the Au-WS: substrate where
the PIERS performance of this prior was found to be better than that of SERS. This fact is
owing to the charge transfer from WS> nanosheets and AuNPs owing to the UV-C pre-
irradiation step in PIERS. The last substrate used as a plasmonic sensor is made of MoSe;
and gold nanorods (AuNRs) that were used to detect methylene blue (MB) pigment. From
this test, the SERS performance was improved and we noted a strong enhancement in the
Raman signals while with the PIERS we observed better behaviour with significant

improvement.

All of these investigations are either published or submitted in journals with high impact
factors. This work is only the initiative of a deeper work that will be accomplished after
the thesis.
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Negli ultimi anni, i materiali bidimensionali (2D) hanno acquisito un interesse cruciale in
diversi campi. Questo interesse é stato notato dopo la scoperta del grafene nel 2004
utilizzando il metodo di esfoliazione dello scotch. Tra i materiali 2D sintetizzati, siamo
interessati ai dicalcogenuri dei metalli di transizione (TMDC) per le loro affascinanti
caratteristiche quali il crossover indiretto-diretto del band-gap, I'ampia area superficiale,

I'elevata mobilita dei portatori di carica elettrica ....

A materiale dei TMDC piu studiato ¢ il disolfuro di molibdeno (MoS>). Recentemente, i
ricercatori stanno prestando attenzione anche al disolfuro di tungsteno (WS>) e al seleniuro
di molibdeno (MoSe) presentano un ampio potenziale di applicazioni soprattutto come
sensori. In effetti, tali dispositivi risultano estremamente importanti a causa del suo utilizzo

nella vita quotidiana e pratica.

In questa tesi ci siamo interessati allo sviluppo di due diverse tipologie di sensori;
elettrochimico e plasmonico basati sui nanosheets (NS) 2D-TMDCs (MoSz, WS; e MoSe>
NS) usando la tecnica di esfoliazione in fase liquida (LPE). Usando questi nanosheet,
abbiamo sintetizzato diversi nanocompositi che sono stati usati in seguito come layer

sensibili verso diversi analiti in diversi settori applicativi.

Per i sensori elettrochimici, abbiamo scelto un dispositivo a basso costo e semplice da usare
noto come elettrodo di carbonio serigrafato (SPCE) in cui l'elettrodo di lavoro viene
modificato con diversi modificatori. Due campi diversi sono il nostro obiettivo; medicina
e agricoltura. Per il primo abbiamo scelto I'acido folico (FA) e la dopamina (DA). Per
guanto riguarda I'AF noto anche come vitamina B9, la sua determinazione e stata su
AUNPs-MoS2 che mostra un nuovo meccanismo di rilevamento. Infatti, le molecole di FA
sono fortemente adsorbite sulla superficie portando alla diminuzione del picco di corrente
anodica invece del suo aumento quando si aumenta la concentrazione di FA. Questo fatto
e dovuto alla riduzione del numero di siti attivi di nanoparticelle d'oro (AuNPS). Inoltre, la
determinazione del DA é stata fatta su SPCE modificato con nanocomposito a base di
MoSe2 e AuNP (AuNPs-MoSe2) notando un notevole miglioramento della corrente
Faradica della DA . Per il settore agricolo, abbiamo utilizzato I'SPCE modificato con ossido
di grafene-disolfuro di tungsteno (GO-WS2) per la determinazione di un fungicida noto

come Thiram. Qui, abbiamo osservato una buona prestazione verso questo analita a bassa



concentrazione. Pertanto, abbiamo studiato I'effetto della variazione del rapporto GO:WS2

sul comportamento elettroanalitico.

Per i sensori plasmonici, abbiamo utilizzato i nanosheet esfoliati rivestiti con metallo
nobile per il rilevamento di diversi analiti utilizzando enhanced Raman spectroscopies
(ERS): la surface-enhanced Raman spectrosocopy (SERS) e la photo-induced enhanced
Raman spectroscopy (PIERS). In effetti, lo strato di rilevamento Au-MoS2 viene utilizzato
per determinare 4-mercaptobenzoic acid (MBA) e FA dove abbiamo notato una buona
prestazione. Inoltre, le molecole MBA sono state utilizzate anche per verificare I'efficienza
del substrato Au-WS2 dove le prestazioni PIERS sono migliori di quelle di SERS. Questo
fatto & dovuto al trasferimento di carica da nanosheet WS2 e AuNP a causa della fase di
pre-irradiazione UV-C in PIERS. L'ultimo substrato utilizzato come sensore plasmonico é
costituito da MoSe2 e nanoroads d'oro (AuNRs) che viene utilizzato per rilevare il blu di
metilene (MB). Da questo test, le prestazioni del SERS sono state buone e abbiamo notato
un forte miglioramento sui segnali Raman mentre con i PIERS abbiamo osservato con un

miglioramento ancor piu significativo.

Tutte queste indagini sono pubblicate o presentate in riviste con un fattore di impatto
elevato. Questo lavoro é solo l'inizio di un lavoro piu approfondito che sara compiuto dopo

la tesi.
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General Introduction

The research has been oriented toward a new path in recent decades. Indeed, scientists have
been interested in nanotechnology and nanomaterials thanks to their pros in human life.
This technology is one of the fastest and most exciting moving areas of research today.
Nanostructure materials are now used to facilitate so many daily tasks citing sensing, food
quality control, solar cells, and electronics... Indeed, nanomaterials can be added to the
usual ones to enhance their properties. Indeed, nanosilver, which has an antibacterial
property that can be used in food contact material (cutting boards), creates small particles
at the nanoscale to deliver cancer drugs or even turn polluted water into drinkable...
Among these nanomaterials, two-dimensional (2D) materials have gained an important
interest worldwide. It was in 2004 when Geim and Novoslov successfully exfoliated
nanosheets from graphite, called graphene. Since that, numerous studies have attempted to
understand and explore the specific properties of this material citing the optical
transparency, mechanical resistance, and high electronic and thermal conductivity caused
by the perfect electronic and vibrational confinement. Despite these outstanding features,
graphene has a major drawback in that it is gapless and consequently its applications are
limited. Hence, the researcher’s curiosity is oriented to innovate new nanomaterials that
satisfy the scientist’s desire. As a result, the transition metal dichalcogenides (TMDCs)
have been seen the sight in the research field like molybdenum disulphide (MoSy),

tungsten disulphide (WSz), molybdenum selenide (MoSe)...

The main reason that makes this family the research’s center of interest is their ability to
transit from indirect to direct bandgap, from bulk to monolayer form, compared with
graphene. Moreover, they possess a high volume-to-surface ratio, important Young’s
modulus, and high carrier mobility. These crucial features bring to this family a wide
potential of applications citing the optoelectronic, electronic, and energy storage fields,

especially in the sensing application.

Sensors have gained a crucial interest recently due to their use in daily life and to bypass
significant issues. Therefore, it is important to develop a low-cost, sensitive, and selectivity

sensor for the determination of probe molecules at low concentrations.

Consequently, the hybrid gold nanoparticles (AuNPs) with MX», which exalts several
properties illustrate promising findings. Therefore, it is used in the sensing field with the

help of developed techniques to enhance the probe molecule’s fingerprint vibrational
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General Introduction

modes. Thanks to the improved features of the hybrid AUNPs@MXz, the sensor could be
chemical, biological, or plasmonic.

This manuscript is divided into three major chapters. In the first one, we will present the
history of two-dimensional (2D) materials, especially graphene and transition metal
dichalcogenides (TMDCs). For the prior materials, we will indicate their properties and
applications. Then, we will enumerate the different growth techniques of TMDCs materials
mentioned in the bibliography. Furthermore, we will display several modifiers used in this
investigation. Finally, we identify the sensor features and later we outline the two types in

our focus.

In the second chapter, we will detail the experimental procedure used to synthesize the
MX> nanosheets using the liquid phase exfoliation technique. Moreover, we will denote
the elaboration methods used to grow gold nanoparticles (AuNPs). Later, we will illustrate
the nanocomposite based on the exfoliated nanosheets and we will denote the various
techniques of characterization performed to study the different features of our samples.
Finally, we will specify the various analytes involved to check the sensing behaviour of

our sensing layers.

The third chapter is depicted for the discussion of the obtained findings during this work.
Since our goal is the development of two diverse types of sensors, this chapter is divided
into two sub-chapters named electrochemical sensors and plasmonic sensors, respectively.
Indeed, in the first sub-chapter, we will present the electrochemical and electroanalytical
tests achieved with different MX> nanosheets either pure or as nanocomposites showing
their sensing mechanism. In the second sub-chapter, we will illustrate the enhanced Raman
spectroscopy (ERS) behaviour of each of MoSz, WS; coated with gold nanoparticles
toward the determination of 4-mercaptobenzoic acid (MBA) presenting in the second place
the proposed ERS mechanisms. Furthermore, we used a new 2D-TMDCs material, known
as molybdenum selenide (MoSe.), coated with gold nanorods for the determination of dye
molecule which is methylene blue (MB) (10*M) to check its efficiency in ERS field.
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Chapter I

Introduction

Acronyms and Abbreviations

All the abbreviation used in this chapter are listed below:

= 2D: Two-dimensional

= TMDCs: Transition metal dichalcogenides
» 3D: Three-dimensional

»= 0OD: Zero-dimensional

*= 1D: One-dimensional

= E;i: Energy of ionization

=  VdW: Van der Waals

= BG: Band gap

= MoS2: Molybdenum disulphide

= MoSe2: Molybdenum diselenide

= WS2: Tungsten disulphide

= CB: Conduction band

= VB: Valence band

= LPE: Liquid-phase exfoliation

= ME: Mechanical exfoliation

= SC: Sodium cholate

=  NMP: 1-methyl-2-pyrrolidnone

= PLD: Pulsed laser deposition

= CVD: Chemical vapour deposition

= AuNPs: Gold nanoparticles

= ERS: Enhanced Raman spectroscopy

= SERS: Surface-enhanced Raman spectroscopy
= PIERS: Photo-induced enhanced Raman spectroscopy
= NS: Nanosheets
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Overview

In this section, we will dive into the history of two-dimensional (2D) materials and their vital
role in current life. Moreover, we will enumerate the several techniques used in the 2D
transition metal dichalcogenides (TMDCs) materials elaboration. Then, we will discuss the
different criteria to classify sensors. Finally, we will depict the main sensor types used in

these investigations.

I. History

Materials at the nanoscale size possess outstanding and sometimes new features compared
with their counterparts at the macroscale size. Indeed, the well-known definition of
nanomaterials is those with sizes up to 100nm where the nanoparticles are nanoscaled in
three dimensions (3D). Nanofilms and nanolayers are nanoscaled in two dimensions (2D).
To have one-dimensional materials, only one dimension should be outside the nanoscale
citing nanorods, nanotubes ®... Finally, nanoparticles are the most known zero-dimension
(0D) materials (with dimension < 100nm). Shrinking the size from one dimension to another
results in electron confinement 2. In this work, we have been interested in 2D materials for

several reasons that are described in the next section.

I.1. Why two-dimensional (2D) materials

In this section, we will attempt to motivate our choice of the 2D materials used in this thesis
work. To begin, new and significant features come into view when shrinking the size of the
bulk material. For instance, graphene, the familiar 2D material, shows better young’s
modulus, resistivity, and thermal conductivity compared with graphite . Beyond graphene
and its derivatives, 2D-transition metal dichalcogenide (2D-TMDCs) shows better and new
features compared to their bulk counterparts like the indirect-to-direct bandgap crossover
when decreasing the number of layers. In addition to these promising 2D materials, gold is
known as the most precious material in the world that is yellow and shiny. However, this
noble metal becomes red or purple when it is in the nanoscale (Figure I.1) due to the

confinement of electrons 4, °.

The diversity of the synthesis techniques is a promising parameter for their attractiveness
that are not only low-cost but also simple and easy to use. Owing to the significant features
of the 2D materials, they have become used in several fields such as energy storage, sensing,

medicine. ..
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Figure.l. 1.Gold change of colour at the nanoscale

1.2. History look through

The first exfoliation of graphene single-layer trial was made by Bordie in 1859 which end
up with a failed attempt. Thus, R.E. Peierls, and L.D. Landau strictly suggested that 2D
material could not exist in 1937. After 25 years, the graphene term is introduced by Hahns-
Peter Bohm and for the first time, this material was exfoliated and characterized by two
scientists Geim and Novoslov in 20042, This prominent investigation was published in
October 2004; “Electric Field Effect in Atomically Thin Carbon Films” in Science
journal®. In 2010, they were awarded the Noble Prize in physics thanks to this
accomplishment. Since that, various 2D materials have been exfoliated and used either in

the development of several devices or to solve issues in current life.

1.3. State of art

Graphene is an assembly of carbon atoms with a honeycomb structure (Figure 1.2). Graphene
is called later a ‘miracle material’, which possesses numerous properties. It is stronger (one
hundred times) than steel (130GPa), as flexible as rubber, and more electrical than cobalt 8°.
In 2014/2015, graphene was used in battery electrodes to boost performance. Despite its
positive impacts, graphene has a major drawback, which is gapless. Consequently, its
applications were limited and hence the discovery of the transition metal dichalcogenides
(TMDCs) family at the beginning of 2011. Owing to the outstanding features of this family,
it has gained crucial attention worldwide, which will be discussed in detail in the next

section.

Figure.l. 2. Honey comb structure of Graphene
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I.4. Morphologies of nano-materials

Nano-materials can be synthesized in different shapes and morphologies such as
nanoparticles, nanowires, nanotubes, nanorods, and nanoribbons as shown in the following

Figure 1.3 %°,

Figure.l. 3.TEM images of nano-materials (a) nanowires, (b) nanoribons, (c) nanotubes, (d)nanorods, and (e)nanoparticles

Il. Transition metal dichalcogenides (TMDCs)

In this section, we will point out the importance of the transition metal dichalcogenide
(TMDCs) family in various applications due to their outstanding properties. Before that, we

will figure out these elements separately.

I.1. Transition metal (M) and chalcogen (X) elements

Our center of interest in this thesis is the transition metal dichalcogenides family (TMDCs)
with MX; as the chemical formula where M is the transition metal belonging to the d block
(Vv column) (M= Mo, W, Nb, Hf..) and X is the chalcogen (X=S, Se, Te.) belonging to p
block (X111 column), see Figure 1.4.

The transition metals (M) belong to d black and have (n-1)d subshell. Two different
classification types are noted. The first one is according to the physical and chemical features
of each element resulting in metal and non-metal elements. The second class is based on the
d subshell and four transition series are distinguished in this family; 3d (4" period), 4d (5""
period), 5d (6" period), and 6d (7" period).
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These compounds are coloured and characterized by crucial features citing the high melting
point, good conductivity, and low energy of ionization (E;)...

The chalcogen (X) or oxygen family consists of the elements belonging to the 16 period of
the periodic table including the non-metal elements (O, S, Se), and semi-metals (Te, Po).

The electronic configuration of this family is ns?np*

Figure.l. 4.The periodic table

I1.2. Transition metal dichalcogenides family (TMDCs)

The 2D -TMDCs materials have a chemical formula MX; with M as the transition metal
(Mo, W, Ti.) and X as the chalcogen (S, Te, Se...) see Figure 1.5.a. In this family, the M
atom plan is sandwiched between two X plans where the in-plane molecules are bonded
with covalent bonds and the in-plane bonds are VVan der Waals (VdW) bonds, see Figure
1.5.b.

More than 40 TMDCs materials are depending on the combination of X and M, which can
be metallic or semiconductor!?. Indeed, the layers stack of MX gives rise to three possible
polytopes: 1T, 2H, and 3R (Figure 1.6). Indeed, the digitals indicate the number of layers
in the crystallographic unit cell while the alphabet letter displays tetragonal, hexagonal,
and rhombohedral structures respectively. The first type has a Dsg¢ point group and
octahedral coordination. The second is Dsnand the third one is Csy with trigonal prismatic

coordination.

The electronic behaviour and the thermodynamics of this family are sensitive to the
polytype nature and number of layers. Indeed, 1T-TMDCs show a metallic behaviour while
2H and 3R-TMDCs polytypes display semiconducting behaviour. From the stability point

of view, the 2H-phase that exists naturally is more thermodynamically stable than 1T and

30



Chapter | : Introduction

3R (metastable) which are often found synthetic. The 3R phases can change to the 2H
structure through heating, while the 1T phase can be transformed into a 2H phase via

interlayer atomic gliding under specific conditions (2D layered transition).
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Figure.l. 5.(a) Transition metal and chalcogen families and (b) Structrue and bond types of MX2
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Figure.l. 6. TMDCs polytopes, for instance molybdenum disulphide (MoS2)

The used metals disulphide (MS>) in this work are molybdenum disulphide (MoSy),
tungsten disulphide (WS2), and molybdenum diselenide (MoSe.) which are black silvery
gray, and brown powder in the bulk form (Figure.l.7). These 2D-MS; materials are
inorganic compounds belonging to the TMDCs family where Mo (W) is the chemical
symbol of molybdenum with the atomic number Z=42 (Z=16). The electronic
configuration of Mo, W, and S are [Kr] 4d® 5s, [Xe] 6s? 4f'4 5d* and [Ne] 3s? 3p*,

respectively.

MoS: (WS>) has an indirect bandgap equal to 1.23eV (1eV) that becomes a direct bandgap

equal to 1.8eV (2eV) when it is a monolayer.




Chapter | : Introduction

During recent decades, MoS, and WS, have been extensively studied for different
application purposes. Unlike these nanomaterials, recently, molybdenum selenide (MoSe.)
gained interest worldwide due to its similar structure to MoS, and WS, and important
features citing conductivity, high surface-to-volume ratio, high Young’s modulus, and high
carrier mobility (Figure.1.8) 1312 Thanks to these outstanding features, they have become

the scientist’s center of interest worldwide. MS> layered material features and applications

will be described in the next sections.

Top view

o

o -
o -d& .qo - -QO 0 O X (=S, Se) atom
o Pe -d

O M (=Mo, W) atom

Figure.l. 8. MX2 sturcture

11.3. Features of transition metal dichalcogenides(TMDCs) materials

I11.3.a. Electronic Features

Two-dimensional materials cover the usual classes of electronic materials possessing
excellent conductors (graphene), semiconductors (MoS;, MoSe...), and insulators (h-BN).
We can differentiate between them either with the band theory or with a physical

parameter.

According to band theory, an insulator is a material that has a large bandgap where its

energy is higher than 4eV while the semiconductor value is between 0 and 4eV (0eV < Egc
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< 4eV). When we have an overlapping between the valence and conductor bandgap, we

have a conductor (see Figure 1.9).

Indeed, the bandgap is the energy range between the conduction band (CB) and the valence
band (VB) that can be divided into two categories for the 2D semiconductors: direct and
indirect bandgaps due to the k-vector (crystal momentum vector) between the minimal
energy of CB and the maximum energy of VB (Figure 1.10). Indeed, we have an indirect
bandgap when the k-vector is different and in the case the similarity of this vector we have

a direct bandgap.

E

A

Conduction ¢ Bandgap

Valence band Valence band

Conductor Semiconductor Insulator

Valence band

Figure.l. 9.Electronic state of TMDCs

Figure.l. 10.(a) indirect and (b) indirect band gap of MoS2

11.3.b. Optical features

These TMDCs materials emit a fluorescence signal that is represented as bands in the

photoluminescence spectrum. According to previous investigations, the fluorescence
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signal of MX, materials is sensitive to their thickness!* *°. Moreover, the absorption
spectrum of these materials is sensitive to the number of layers and from these data several,
information can be extracted citing bandgap energy value, concentration, length, and the
number of layers ... Despite the importance of these features, they were studied

experimentally and no simulation is carried out %"
I1.3.c. Mechanical properties

Young’s modulus is named after the 19th-century British scientist Thomas Young. When
the strain is applied in uniaxial, a relationship between strain (¢) and stress (o) is defined

as follows:

™ | Q

This elastic modulus is expressed in Pascal (Pa) or N/mo.

According to Zhang, R. & Cheung, R, an increase in the number of layers (thickness)
possesses a decrease in Young’s modulus of some 2D-materials, for instance, MoSy,
hexagonal boron nitride (h-BN), and black phosphorus (BP) 8. In the work of Zhang, R. et
al., they used the mechanical exfoliation technique to obtain MoS, nanosheets*®. For one
layer of MoS,, Young’s modulus is equal to 270+100 GPa, and for two layers of MoS: is
equal to 20060 GPa.

Thanks to the previously counted properties, two-dimensional inorganic materials display

impressive promise in many applications, which will be cited in the next section.

11.4. Applications of transition metal dichalcogenides family

Thanks to the fascinating features of the TMDCs materials described previously, they have
been used in large and various fields denoting the energy storage field as solar cells, sensing

field as chemical or biological sensors, or even in forensics and security (Figure 1.11)*°,
20,21,22

In industry, MX> materials can be used as a catalyst or lubricants due to their layered
structure. The direct bandgap, as well as the high absorption coefficient of these two-
dimensional layered materials, allows them to absorb a large part of the solar spectrum. As

a result, they become the best candidates for the active element of a solar cell 23,
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In electronics, the possibility of inserting chemical species between the sheets gives it a

potential for application in the field of batteries?® ( Li-ion batteries).

To sum up, 2D materials have become a promising candidates for several applications,
especially in the sensing field. Thus, the 2D TMDCs family will be employed in this thesis

work for two types of sensors that will be described later in this chapter.

Medical imaging Cancer therapy Solar cells Sensing Batteries Treatment of wastewater

Figure.l. 11.Two-dimensional materials applications
I11. Synthesis method

Since the exfoliation of graphene, several techniques have been used to produce 2D
materials that are classified into two main sub-classes (Figure 1.12). The first one is the
top-down approach where we produce nanomaterials from their mother bulk while the

second is the bottom-up approach where we start with principal components to obtain

Nanomaterials

nanomaterials.

Top-down

Bottom-up T
@@ @ Prrincipal
. ' components

Figure.l. 12. A descriptive scheme of two approaches used for the synthesis of 2D materials

I11.1. Top-down approach
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The process of this approach is the production of nanomaterials from their bulk form by
weakening the VdW bonds between the stacked layers of the bulk. The main advantage of
this approach is low-cost, hence, this technique is preferred in numerous applications in
many research areas. Nevertheless, problems such as defects in the structure of the surface
can be encountered 2%, In the following, we denote several techniques that belong to the
top-down approach.

I11.1.a.Mechanical exfoliation

Mechanical Exfoliation (ME) known also as a scotch tape technique, is a simple and cheap
tool that has been used for the exfoliation of graphene from its bulk counterpart in 2004 by
two scientists from Manchester University (United Kingdom) Geim and Novoslov. Since
that, several 2D materials have been synthesized using this method. In fact, the ME
technique is peeling or cleaving nanosheets using scotch tape from the bulk as illustrated
in Figure 1.13.

b)

Figure.l. 13.Mechanical exfoliation steps; (a) scotch tape on graphite and (b) exfoliated graphene nanosheets

The as-prepared samples are not uniform since their size and thickness are not controlled.
Indeed, the provided thickness is around 4-10nm corresponding to 6-8 layers?.
Nonetheless, the products obtained have high quality, purity, and clean single-layered

flakes 2.

I11.1.b. Chemical exfoliation

In this technique, the MX: flakes are produced by putting the bulk material into some
solvents to disperse denoting N-methyl-2-pyrrolidone (NMP), sodium cholate (SC),
water...) 2627, Herein, the chemical exfoliation can be pure chemical or electrochemical

peeling.

Chemical exfoliation or known also as liquid-phase exfoliation (LPE) is a low-cost
technique that produces few or single layers from the bulk form by breaking the weak

forces between sheets, see Figure 1.14.a.
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Electrochemical exfoliation, also called lithiation or lithium intercalation (Figure 1.14.b),
is a fascinating technique used to obtain large-scale monolayers. The ion-intercalated
compounds are formed with the help of a cation with a small radius (K*, Li*, Na*, Cu?*...)
that is intercalated into the spacing between bulk crystals 2824, Indeed, the layered bulk
material is located at the cathode while Li foil is an anode in an electrochemical cell, which
leads the obtaining a very high yield of TMDCs (e.g., MoSz), however, this method

requires a long time (days).

MoS,
Nanosheets

NMP Sonication Centrifugation
4500 rpm

b)

Lo:

ad
—
1 Li foil
—— Al <
Layered bulk ’ i

—
material Anode Litions Cathode }
\ zl
-l < —

Isolated 2D nanosheets Li-intercalated

ccc Eound

Figure.l. 14.(a) chemical and (b) electrochemical exfoliation steps methods

I1l.1.c. Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) or pulsed laser ablation (PLA) produces flakes or
nanoparticles starting from the bulk material thanks to applied energy that came from laser

irradiation breaking the interbond of bulk molecules to have the aimed nanoparticles 2°.

111.2. Bottom-up approach

In this approach, we start with atom-sized items and place them one by one to create the
final product. This approach has many positive impacts, such as the well-defined
morphology and shapes and the produced 2D material can be used in critical fields like
electronic applications 3. It introduces fewer defects as compared to the top-down

approach, providing materials with more homogenous chemical compositions.

111.2.a.Chemical vapour deposition (CVD)
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Chemical vapour deposition (CVD), is a very popular and fast-developing technique for
the bottom-up approach see Figure 1.15. It is used to produce solid materials on a heated

substrate with high-performance properties as well as high purity 3.

In this method, a reaction has occurred between two molecular precursors in a vaporized
state at high temperatures (typically 700-900°C). For instance, the preparation of MoS; by
this method is done by vaporizing MoOs and S precursors under Ar, or N2 gas flow
(transporter gas), preferably in a two-zone furnace for separate temperature control of both
precursors and the as-prepared nanosheets (NS) are utilized for large-scale applications .

Figure.l. 15.CVD technique

111.2.b.Hydrothermal / Solvothermal technique

Hydrothermal /solvothermal is classified as a bottom-up technique, which is the most
efficient, universal, and economical tool for the synthesis of 2D-MX; nanomaterials in
solvent within which we can increase both pressure and temperature 3. Based on the
literature, we distinguished two different names for this technique depending solvent’s
nature; if it is water, so-called hydrothermal otherwise it is solvothermal (such as N, N-
dimethylformamide (DMF), or NMP) 3% In this technique, we begin by mixing the
different solutions with powders. Then, this mixture is poured into the autoclave, which is
chemically inert. Later, we close the autoclave and put it in the furnace where we can

elevate both temperature and pressure, see Figure 1.16 and Figure 1.17.
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Figure.l. 16.Hydrothermal autoclave reactor into furnace

Inner Teflon

Outer high
quality
/ stainless

Upper
reactor

SS kettle

SS rod for
Locking

Figure.l. 17.Hydrothermal autoclave reactor (a) components and (b) sizes (50mL,100mL, 150mL, and 200ml)

IV. Modification of two-dimensional nanomaterials

Despite the fascinating features offered by 2D nanomaterials, we can improve these
features and bring new ones for different applications by the modification of these
nanomaterials with other elements or noble metals (gold (Au), silver (Ag)). In this
investigation, we boost the properties of the 2D-TMDCs material by their modifications
with graphene analogs (e.g. graphene oxide (GO)) and gold nanomaterials with different

shapes (nanoparticles (NPs) and nanorods (NRs)).
IV.1. Gold nanomaterials

In its natural state, gold is solid, yellow, and shiny with conventional use in jewelry. This
matter belongs to the transition metals bloc in the periodic table symbolled with ‘Au’ with
an atomic number (Z) equal to 79. Gold is inert i.e., extremely resistant to chemical action
and it has more free electrons compared with d bloc’s elements leading to its good

conductivity. These electrons are located on the surface of the noble metal, hence, the
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interaction between light and Au causes large oscillations in the surface electromagnetic
field . This noble metal was also used in the coloring of glasses (400A.D) and stained
glass, and the best-known example is the cup of Lycurgus (Figure 1.18) dating from the
IVe century AD. It was in 1857 that Michael Faraday synthesized pure gold particles in a

solution for the first time.

Figure.l. 18.Cup of Lycurgus; in the right is enlightened by transmission and in the left by reflection

Depending on the fabrication method, numerous morphologies (size and shapes) can be
assumed from nanospheres up to nano-stars the AuNPs can be synthesized in different
morphologies (nano-stars, nanowires, nano-triangles, nanorods)®’. Figure 1.19 illustrates

the most prominent nanostructures®.

Nanosphere

Nanorods

Figure.l. 19.Gold nanoparticles shape

IV.2. Graphene oxide (GO)

Graphene oxide (GO) is a derivative of graphene with a similar structure (honeycomb
structure). This graphene analog is a non-stoichiometric compound with various potions of
carbon, hydrogen, and oxygen where carbon is covalently functionalized with oxygen
closing groups citing oxygen epoxides, and carbonyl groups (C=0), hydroxyl (-OH) ... It
has gained crucial potential in wide applications citing, energy storage, supercapacitors,
electrochemical 31323, The significant attention toward GO is due to its important
features denoting the large surface area (890 m?g™) 34 Moreover, GO is mechanically
strong due to the high Young’s modulus (207.6 +23.4 GPa) *.
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The modification of the 2D nanomaterials with nanoscaled gold will improve the sensitivity
of the obtained nanocomposite for several analytes and will improve its efficiency as an
enhanced Raman scattering (ERS) substrate>2¢37. Moreover, the obtained nanocomposite
based on GO will improve the sensitivity of 2D-TMDCs in electrochemical sensing 33 %,

V. Sensors before and after nanotechnology

V.1. Definition

A sensor is a device able to detect a physical quantity (input) and converts it into a signal
(output) which can be read by an observer or by an instrument. The input maybe

light, heat, temperature, or molecule trace.

Up to now, sensors have different sizes from macro to nano (10nm-100nm). A nanosensor
is a physical, biological, or chemical sensor that is built on the atomic scale (Figure 1.20)
47 These nanosensors are used in several applications such as medicine, drug discovery,
food analysis quality and safety, and environment monitoring %® 4% %0 Nanosensors have
numerous performance parameters that have been classified according to either the nature
of the input quantity or the working principle of the sensor. We will describe the prior type

of classification in the next sections.

Figure.l. 20.Nanosensor size

V.l.a. Sensor before the nanotechnology revolution

Before time, professionals are making measurements after bringing the sample to the
laboratory for detection using classical tools denoting nuclear magnetic resonance (NMR),
chromatography, and electroanalytical methods such as voltammetry and potentiometry
40, In this condition, we obtain selective analysis with a detection time goes to several
hours. Owing to the advancement of science and technology, selective, sensitive, and real-

time sensors have been launched in a smaller size.

V.1l.b.  Sensor after the nanotechnology revolution

41



Chapter | : Introduction

Nowadays, sensors have become smaller due to the need of human beings. We can create
nanosensors to solve the current issues where various types of sensors can be found in our
offices, cars, homes... Scientists are working daily since ever to make life easier like
turning lights with simple crackling fingers, and detecting fire as well as hazardous gases. ..
These and other automatic functions are possible thanks to sensors. However, to achieve
these purposes, an efficient sensor must possess significant features that will be detailed in

the following section.

V.2. Characteristic features

Nanosensors have a great potential for application in wide fields such as medicine, national
security, aerospace, biology as well as home safety, and many more. Thus, to have a useful
and efficient sensor, it should be :

% Selectivity: is one of the fundamental parameters for a chemical sensor. It determines
whether a sensor can respond selectively to an analyte or group of analytes.

% Sensitivity: described by the ratio of conductance change before and after the gas
adsorption to its conductance in the absence of target gases *.

% Response time: is the time taken by the sensor to respond to a concentration change
step 3.

% Recovery time: The recovery time is the time appropriated by a gas sensor to return to
its initial configuration once the environmental event ceases®’.

% Reproducibility: is the sensor's capacity to reproduce the same results in the same
conditions and regardless of the number of times.

% Linearity: linear output signal to the amount of stimulus.

% Accuracy: is defined as how close the sensor is to the expected value. If for a given
input, the output is expected to be a certain value accuracy is related to how close the

sensor’s output is to this value.
V.3. Sensor types

According to the literature, various classifications are found to identify the sensor’s type.

% Depending on the nature of the analyte: we have magnetic sensor, electrometer
sensor, chemical, biological sensor...
< According to the detection means: they can be radioactive, electrochemical,

plasmonic, biological...
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To produce an output, a sensor can be active, which means an external power or excitation

is needed. In the inverse case, we will have a passive sensor.

Depending on the output signals, we recognize two sub-classes; analog and digital. In the
first type, the output is analogous to the measured input. Usually, the continuous output is
voltage, e.g. temperature sensors. Regarding the digital sensor type, we will obtain digital
data that can be read.

Among the various types of sensors, we are interested in plasmonic and electrochemical
sensors where we chose to use the TMDCs materials and noble metals to develop these
kinds of sensors due to their key role in our daily life.

V.3.a. Electrochemical sensor

Based on the literature, several techniques have been used for the quantification citing
spectrophotometry,  high-performance  liquid  chromatography = (HPLC), and
spectrofluorimetric... Despite the selectivity and sensitivity of these techniques, they have
multiple drawbacks such as high cost, time-consumer, and operation protocol difficulties

that consist of the presence of a specialist.

To overcome these problems, electrochemical platforms, such as screen-printed electrodes
(SPE), are used owing to their low cost, high sensitivity, and good analytical efficiency,
see Figure 1.21. Thus, they are extensively used in recent decades, especially for various
fields citing biology, medicine, and food control due to their low cost, ease of use, as well
as sensitivity >+ %, The SPE devices are plastic/ceramic cards that contain three types of
electrodes called electrochemical cells. These electrodes are auxiliary, reference, and

working electrodes that can be carbon, gold, or platinum.

These devices have been used in the bare form or modified by some materials to further
develop their sensitivity and selectivity. Among these materials, we denote metal oxides
(ZnO, CuO...), TMDCs, as well as graphene, and its analogs °® °’... The development of
the working electrode (WE) of SPE’s electrodes by the cited materials has opened a new

path in analytical detection.
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Figure.l. 21.Screen Printed Electrode (SPCE) components

V.3.b. Plasmonic sensor

Plasmonic sensors are those used based on the plasmonic noble metals either pure or in
composite form. Over recent years, the use of this noble metal has undergone a crucial
change owing to the free electrons in Au nanoparticles (NPs) interacting strongly with light
under a specific light wavelength, which undergoes a collective oscillation %8,

This oscillation is known as a surface plasmon resonance (SPR). Besides these outstanding
features, the stainless and inertness of Au NPs make them the best candidate for Raman
enhancement techniques and electrochemical applications compared with other
nanometals. Indeed, copper (Cu), silver (Ag), and platinum (Pt) have also been used to

enhance Raman signals of the analyte.

These precious metals are used, therefore, as enhanced Raman scattering (ERS) substrates,
which will be discussed later. Indeed, upon the interaction of the analyte on the plasmonic
surface of the sensor, the signals will be enhanced due to the analyte-surface binding. This
enhancement is due to the electromagnetic (EM) enhancement created by the interaction
of the light bombarded on the plasmonic surfaces resulting in the surface plasmon. This
fact is seen with surface-enhanced Raman spectroscopy (SERS). However, with photo-
induced enhanced Raman spectroscopy (PIERS), the enhancement is further increased
upon the UV-irradiation of the substrate that enhances the charge transfer (CT) between
the substrate materials and the surface and the analyte, see Figure. 1.22. Therefore, the
enhancement of Raman signals will be enhanced more owing to CT enhancement and the

further enhancement of EM leading to the boost of the global enhancement factor.

In this thesis investigation, we have coated the as-prepared MX> NS with gold nanorods

(AuNRs) and gold nanoparticles (AuNPs) to create a developed plasmonic sensor.
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Acronyms and Abbreviations

All the abbreviation used in this chapter are listed below:

2D: Two-dimensional

TMDCs: Transition metal dichalcogenides

VdW: Van der Waals

MoSz: Molybdenum disulphide

WS>: Tungsten disulphide

MoSe>: Molybdenum diselenide

VdW: Van der Waals

H-BN: Hexagonal boron nitride

BP: Black phosphorus

ERS: Enhanced Raman spectroscopy

SERS: Surface-enhanced Raman spectroscopy

TERS: Tip-enhanced Raman spectroscopy

PIERS: Photo-induced enhanced Raman spectroscopy
SERRS: Surface-enhanced resonance Raman spectroscopy
HPLC: High-performance liquid chromatography
SPCE: Screen-printed carbon electrode

WE: Working electrode

LPE: Liquid phase-exfoliation

DI: Deionized water

SEM-EDX: Scanning electron microscopy- energy dispersive X-ray spectroscopy
UV-Vis : Ultra-violet visible

DLS: Dynamic light scattering

CV : Cyclic voltametric

DPV: Differential pulse voltammetry

LSV: Linear sweep voltammetry

SWV: Square wave voltammetry



=  MBA: 4-mercaptobenzoic acid
= FA: Folic acid
= DA: Dopamine
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Overview

In this chapter, we will deep into the chosen method to synthesize two-dimensional (2D)
layered transition metal dichalcogenides (TMDCs) and 2D-gold with different shapes.
Besides, we will present the diverse characterization techniques used in this work to
understand the optical and electronic properties of our samples. In the second section of
this chapter, we will illustrate the preparation of sensing layers for electrochemical and
plasmonic sensors. Finally, we will depict the different probe molecules used for the

sensing process.

I. Sample synthesis

I.1. Synthesis method: liquid phase exfoliation (LPE)

As mentioned in the previous chapter, two main categories are distinguished. The first
mechanical exfoliation or the scotch tape technique is used by two scientists from
Manchester University in 2004 to peel off graphene sheets from the graphite (bulk form) 2.
Since that, this technique has been used to exfoliate various TMDCs 2D materials. Indeed,
it consists of the break of the VdW band between TMDCs planes using scotch tape (Figure
1.1).

-------- Breaking VdW bands

Figure.ll. 1. Mechanical exfoliation of (a)TMDCs and (b) graphene

In this investigation, we have chosen a top-down technique known as liquid-phase
exfoliation (LPE) for the production of MXz nanosheets (NS). Herein, we will argue our
choice. Indeed, the top-down approach is the production TMDCs nanomaterials from the
bulk form based on the exfoliation technique, either mechanical or chemical where
chemical exfoliation produces nanosheets with high quality than mechanical. This
technique can produce up to 10 layers with lengths in the range of 350nm 2345, Compared
with this approach, bottom-up methods produce uniform and high-quality TMDC layers.

However, this requires high-cost precursors. As our goal is to create a low-cost developed
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electrochemical/plasmonic sensor with high-quality TMDCs layers, we have chosen the
LPE technique to exfoliate MX> NS in five simple steps as follows (e.g. MoSe»):

We mix 150mg of MoSe,> commercial powder with 45mg of sodium cholate (SC) in 30mL
of deionized water (DW), Figure 8.a-b. Later, this solution is horn sonicated in an ice bath
for 45mn (Figure I1.2.c). After a night, we obtained dispersions in a flask that were
centrifugated at two different power (1.5Krpm and 5Krpm) (Figure 11.2.d). The obtained
dispersions are stable for months (Figure 11.2.e-f). . The same procedure is done to obtain
MoS; and WS; sheets.

£ SIBMA
SN 1000 Lot ¢ SOV 112
«iym cholate hydrat=
rm
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Figure.ll. 2. LPE technique steps: (a) MoSe2 commercial powder, (b) sodium cholate powder, (c) sonication of MoSe2
in SC watery solution. Inset the solution after sonication, (d) centrifugation of the supernatant, (e) before and after
MoSe2 centrifugation at 1.5Krpm, (f) at 5Krpm

1.2. Synthesis of gold nanoparticles (AuNPS)

Owing to the importance of Au nanoparticles (AuNPs) in the sensing field as pure or

nanohybrid form, various techniques were used to achieve its synthesis citing the
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electrochemical, thermal, and chemical approaches . In the following, we will describe the
used pathways to elaborate gold nanomaterials for this investigation.

1.2.a. Turkevich-Frens method

In 1951, Turkevich set up a simple protocol for the synthesis of AuNPs that was controlled
by Frens later (in 1973)%78. In this method, we dissolve 120mg of chloroauric acid
(HAUCI,) in boiling water (250mL.), then, we add 25mL sodium citrate solution (1% w/w).
After 1h of boiling, we precipitated the AuNPs using ultra-centrifugation and re-suspended
them in methanol, see scheme 11.1.

A
HAUCI4

Sodium citrate

| im

Boiling for 1H ' /
Boiling water AuNPs re-
suspended

Ultracentrifugatio in MeOH
n

Scheme.ll. 1. Scheme presenting the synthesis of AuUNPs using Turkevich-Frens method

1.2.b. Green-synthesis approach

As described previously, gold nanoparticles (AuNPs) are crucial for sensors and several
techniques are used to elaborate them citing Turkish-Frens, green synthesis 112 13 In
this investigation, we chose a green synthesis pathway to obtain AuNPs based on three
components; natural honey, DW, and gold chloride (HAuUCIl.), (Figure.ll.3. a-b). Herein,
two solutions were prepared. In the first one, we mix 25mg of HAuCls with 60mL of DI.
In the second, in 25mL of DW, we dissolve 10g of honey, Figure.9.c. Later, we mix 12.5mL
of the aqueous honey solution with 15mL HAuCI, solution and stirred strongly for 3h to
obtain a violet solution, Figure I11.3.d-e. To remove any honey residues and to get only the

AuUNPs, we centrifuge the obtained violet solution at 13.5Krpm, see Figure 11.3. f-g.
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Figure.l1. 3. AuNPs green synthesis; (a) honey , (b) gold chloride, (c) honey and HAuCI4 solutions, (d) before (e) after
the stirring solution (violet solution), (f) centrifugation. Inset the obtained AuNPs solution after centrifugation, and (g)
the obtained AuNPs with green synthesis

1.3.  Graphene oxide: Tungsten disulphide (GO@WS>) nanocomposite

To study the effect of TMDCs on the sensing behaviour of graphene oxide (GO), we have
prepared GO@WS; nanocomposite. First, we dispersed 10 mg of GO in 2 mL of denoised
water, Figure.ll.4. By mixing GO with WS, we prepare different nanocomposites at
different ratios of GO: WS, (i.e 1:1, 2:1, and 1:2), to develop three nanocomposite samples.

These nanohybrids were mixed by simple stirring for 2h at room temperature.
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Figure.ll. 5. Preparation of GO@WS2 nanocomposite; (a) graphene oxide commercial powder, (b) WS2
dispersions, (¢) GO@WS2 nanocomposite, (d) modifying the WE with GO@WS2 through drop casting

1.4. Electrode modification

The working electrode (WE) of the SPCE device is modified to further improve its
sensitivity. The modifier in this work will be 2D-TMDCs nanosheets (MoSz, WS>, MoSez)
and nanohybrids (Au@MoS;, GO@WS,;, Au@MoSe;). Indeed, the modification is
achieved by drop-casting into WE. Scheme.l11.2 presents a scheme for the synthesis process
of the nanosheets, AuNPs, and the modification of SPCE with Au@MoSe2 nanohybrid.

Sonication
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Scheme.ll. 2.Schematic experimental diagram of (a) Liquid phase exfoliation (LPE) of MoSe2, (b) green
synthesis of gold nanoparticles (AuNPs), and (c) modification of screen printed carbon electrodes (SPCE)

1.5. Enhanced Raman spectroscopy (ERS) substrate preparation

For the enhanced Raman spectroscopy (ERS) substrates, we prepared AUNPs@WS: and
AuNRs@MoSe,(5Krpm) by drop-casting the solution onto a glass slide and leave to dry at

room temperature.

For the SERS measure of AUNRs@MoSe2(5Krpm) substrate, we mixed in the first place
MoSe: (5Krpm) dispersion with gold nanorod (AuNRds) and drop cast onto a glass slide
50uL and put it dry at room temperature. Once the substrate is dried, we immersed it in the
analyte solution for 2 hours (Figure.ll.5.a-b). For the PIERS measure, we put the substrate

at a 1cm distance for 2 hours, see Figure.ll.5.c.

Figure.ll. 6.AuNRs-MoSe2(5Krpm) ERS susbtrate preparation; (a) AUNRs@MoSe2 solution. inset commercial AuNRs, (b)
immersion of the susbtrate in MB (10-4M), (c) 1cm distance between substrate and the irradiation source in PIERS setup

I1. Characterization techniques
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Spectroscopy is the study of matter and electromagnetic radiation where we distinguished
various categories according to the nature of the energy-material interaction including

absorption, emission spectroscopies, and inelastic scattering. ..

In order to study the optical and vibrational features of our MX: nanosheets and our
sensors, we have used different techniques; vibrational technique (Raman, FT-IR), optical
tools (photoluminescence (PL), Ultra-violet (UV)), morphological techniques (SEM-EDX,
DLS), and enhanced Raman enhancement spectroscopies (ERS). In the following, we
present the basics and principles of these techniques.

I1.1. Vibrational techniques

Il.1.a. FTIR technique: introduction and principe

7

% Introduction: Fourier transform infrared (FT-IR) spectroscopy is a non-destructive
analysis technique giving an infrared spectrum of the specimen (gas, solid, liquid) based
on Fourier transform, which is a mathematical process (Figure 11.6.). Both the appearance
of the FTIR tool and the developed algorithm by Cooley-Turkey were timelined between
1960-1966.

% Principe: An infrared light interacted with the molecules of the sample. This
interrogation results in the observation of vibrational bonds at specific frequencies. All the

bonds form the characteristic fingerprint spectrum of each molecule

b)

3500 3000 2500 2000 1500 1000
Wavenumber (cm”)

Figure.11. 7.(a) The used FT-IR spectroscopy at LabSensor, (b) fingerprint spectrum of organic/inorganic compound
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I1.1.b. Raman spectroscopy

*

% Introduction: Raman spectroscopy is a non-destructive and highly versatile
vibrational spectroscopy discovered by the Indian Chandrashekhara Venkata Raman
(C.V.Raman) in 1928 (Figure 11.7). This spectroscopy is a tool for analyzing the scattered
light to determine the molecular/crystal structure of probe molecules. Each molecule has a
specific Raman band position and intensity that are actual molecular fingerprints. Most
organic and inorganic matter, solids, gases, and liquids are allowed to be characterized by
Raman spectroscopy.

Figure.ll. 8.The used Raman spectroscopy at CNR

% Principe: An electromagnetic wave is sent on the sample that interacts with the
molecules. As a result, the centers of gravity of the negative and positive charges do not
coalesce anymore. Hence, a dipole moment appeared, which is proportional to the
polarizability of the molecule, a, and the amplitude of the induced electric field E with
the following relation:

P=aE

Where polarizability is the ability of the electron cloud to deform under the action of an
exterior field. In other words, an incident photon from a laser can absorb or emit a phonon
of the crystal and then scatter into the surroundings in all directions. Thus, the photon

gains (anti-stocks shift) or loss (stokes shift) energy, see Figure. 11.8.
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Figure.ll. 9.(a) Raman scattering Principe, (b) scattering types
11.2.  Optical spectroscopies

I1.2.a. Ultra-violet visible (UV-Vis) spectroscopy

% Introduction: Ultraviolet-visible (UV-Vis) spectroscopy is a quantitative and non-
destructive technique see Figure 11.9. The absorption spectrum is resulted from the
interaction between ultra-violet (UV) or visible light [200nm; 900nm] with the matter.
This tool characterizes the optical and electronic properties of various materials such as

liquid, powder, and solids.

Figure.ll. 10.The used UV-Vis spectroscopy at LabSensor

% Principe: A light source (e.g. laser) interacts with the samples where its range is
from 200nm to 900nm. Hence, a transition from a ground state to an excited state is
occurring according to the wavelength and the nature of the specimen. This transition is

resulted due to the energy absorption from the valence electron of the pattern.

11.2.b. Photoluminescence (PL) technique

Photoluminescence (PL) spectroscopy is a nondestructive and contactless technique, see

Figure.ll.10. Vincenzo Cascariolo discovered photoluminescence in 1603 thanks to a

bright stone 8,
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When a monochromatic laser line interacts with the specimen’s molecules, electrons are
excited to higher energy level. Upon the excitation, the electrons return to the equilibrium

level emitting photons (See Figure. 11.11).

Figure.ll. 11.The used PL spectroscopy at LabSensor
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Figure.ll. 12.Principe of photoluminescence

1.3. Morphological techniques

11.3.a. Dynamic light scattering (DLYS)

This tool is a powerful technique used to determine the size distribution and the size of
particles in suspension or solution through the interaction of a laser with particles. The first
three companies that have been launched the first DLS instrument in the market are Malven
established in the United Kingdom (UK), ALV in Langen-Germany, and Brookhaven in

Long Island-United state America (USA). The interaction of a monochromatic laser line
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and the molecules of the solution sample results in the scattering of light randomly in all
directions.

The used DLS setup in this investigation is presented in the following Figure.

Figure.ll. 13.The used DLS spectroscopy at LabSensor

11.3.b. Scanning electrin microscopy(SEM)-enery dispersive X-ray (EDX) tool

As the name indicates, SEM-EDX is the scanning electron microscopy technique coupled
with the energy-dispersive X-ray spectroscopy (EDX/EDS) tool. Using the SEM, we will
obtain morphological information using an electron beam rather than a light beam, which
is targeted to the specimen being examined to generate images. This later is combined with

the elemental composition spectrum.

Figure.ll. 14.The used SEM-EDX spectroscopy at LabSensor

11.4. Enhanced Raman spectroscopies (ERS)

Raman spectroscopy is a powerful technique for the detection of molecules and it has been
used until now in various fields. Despite that, it has a major drawback, especially for the

sensing attention, that the cross-section leads to difficulty in the detection of molecules in
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low concentrations. Enhanced Raman scattering (ERS) has been shown up to overcome
this limitation. Among them, we distinguished tip-enhanced Raman scattering (TERS),
surface-enhanced Raman spectroscopy (SERS), surface-enhanced resonance Raman
spectroscopy (SERRS), and lately photo-induced enhanced Raman spectroscopy (PIERS).
The most known ERS tools are SERS and TERS.

Il.4.a. Surface-enhanced Raman spectroscopy (SERS)

% Introduction: As mentioned above, surface-enhanced Raman scattering (SERS) is
the most popular and powerful technique for the detection, identification, quantification,
and structural studies of small amounts of samples in materials research, surface science,
and medical diagnostics...This developed Raman spectroscopy was discovered in the
mid-1970s by Albrecht and Creighton and Jeanmaire and Van Duyne **. Gold, silver,
and copper are the most commonly used as SERS substrates due to their surface plasmons
existing in or close to the visible region *°. The sample must be in a liquid or vapour form
and placed in direct contact with the SERS substrate. This approach greatly enhances the
Raman signal from sample molecules adsorbed on noble-metal surfaces processing
nanoscale roughness.

% Principle: As Raman spectroscopy depends on the polarizability as well as the
electric field, SERS uses interactions with specialized surfaces to enhance Raman signal
strength. In other words, it is possible to increase either the a or the E amplitude. The
laser interacts with the SERS substrate, the excites surface plasmons that resonate with
the vibrational transitions in the sample molecule adsorbed to that surface, see
Scheme.ll.3. In this work, the SERS substrate is composed of the layered TMDCs
material, and the noble metal (Au, Ag) dropped on the top of 2D TMDCs. The chosen
noble metal is gold because, firstly, of the existence of a plasmonic cloud that generates
the Raman signals enhancement. Secondly, its neutrality, makes the SERS substrate the

best candidate for the biological or chemical sensor.
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Scheme.ll. 3.Scheme presenting the SERS mechanism

11.4.b. Photo-induced enhanced Raman spectroscopy (PIERS)

% Introduction: Photo-induced enhanced Raman spectroscopy (PIERS) is based on
light-induced charge transfer (CT) between semiconductor and plasmonic metal surface
(gold nanomaterials in our case) upon pre-UV irradiation. The out-performance of this

technique is significant to that of non-photo spectroscopy.

% Principle: In the PIERS process, pre-UV irradiation is applied to the substrate
(semiconductor-plasmonic metal) for additional chemical enhancement. Followed by
laser line excitation on the substrate after dropping the probe molecule, as shown in the

following scheme.

a) Qv irradiation b) Laser line
\l{c \\“/( ‘ p \\‘e“‘

PIERS «——— Noble metals Siiie Noble metals
substrate / substrate

W 4
i

: analyte

Scheme.ll. 4.Scheme presenting PIERS mechanism: (a) pre-irradiation step, (b) after the irradiation

I11. Plasmonic sensor
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This type of sensor is used in this investigation for the detection of several analytes based
on enhanced Raman spectroscopies (ERS) citing surface-enhanced Raman spectroscopy
(SERS) and photo-induced enhanced Raman spectroscopy (PIERS), Figure 11.15.For the
detection procedure, we will use ERS substrate based on 2D-MX> nanosheets coated with
2D-Au with different shapes.

Y7 e

Figure.ll. 15.The used (a) PIERS setup, (b) irradiation source, and (c) SERS technique at CNR

IV. Electrochemical sensor

The device used in this work is the screen-printed carbon electrode (SPCE). Herein, the
determination of the probe molecule is achieved through the redox reaction upon the
application of appropriate potential with the help of DropSens pStat 400 Potentiostat
(Figure.11.16) . From the obtained curves, various information can be calculated citing the
sensitivity (S), active surface area (A), the limit of detection (LoD), the limit of

quantification (LoQ)...
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Figure.ll. 16.DropSens uStat 400 Potentiostat system at LabSensor for the electrochemical test

Several analytical techniques are used according to the literature where the most familiar
ones are cyclic voltammetric (CV), differential pulse voltammetry (DPV), linear sweep

voltammetry (LSV), and square wave voltammetry (SWV) 16, see Figure.ll1.17.

Electrochemical methods
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Figure.ll. 17.Familiar Analytical methods

Electrochemical impedance spectroscopy (EIS) is acquired to determine the equivalent
circuit of the electrode surface from the Nyquist plot, the conductivity and resistivity
features of the sensing layer, and to further understand the charge transfer (CT) mechanism
occurring between working electrode-electrolyte (WE-electrolyte) or working electrode-
analyte (WE-analyte). All these data occurred through the Autolab PGSTAT204 system in
the [FeCNs]>"* solution, see Figure.11.18.
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onl.vulbtr:

Figure.ll. 18.Autolab PGSTAT204 system used for EIS study at LabSensor
V. Probe molecules: Medical and environmental analytes

In this investigation, we target various fields denoting medicine, environment, and food

quality control using plasmonic and electrochemical sensors.

V.1. 4-mercaptobenzoic acid (MBA): Raman reporter molecule

The 4-mercaptobenzoic acid, abbreviated as MBA, is a chemical substance with C7HsO2S
as a chemical formula and its structure is shown in the figure below. This molecule is used

as a Raman reporter molecule to check at first place the efficiency of our ERS substrates.

a) b)
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Figure.ll. 19.(a) MBA chemical structure (b) MBA 3D conformer

V1.2.Medical analytes

V.2.a. Folic Acid (FA)
Folic acid (FA), known as vitamin Bo, belongs to the B vitamins family and it is important
for human health, see Figure.11.20. This vitamin is necessary for cell growth such as blood
cell production, repair, and synthesis of DNA. However, it is difficult to get it into the
human diet. Thus, the deficiency of this vitamin can cause numerous diseases for human

beings and pregnant women.
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The lack of blood cells leads to a less rate of oxygen in the organs and tissues. Moreover,
FA anemia causes megaloblastic which is the change in the red blood cells' shape from
round to oval. During pregnancy, the deficit of vitamin Bg results in neural tube

irregularities citing spina bifida, anencephaly...

a) b)
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Figure.ll. 20.a) 3D conformer and b) molecular structure of FA; c) oxidation reaction of FA

V.2.b. Dopamine (DA)

Dopamine (DA) is a neurotransmitter in the human body (Figure. 11.21) that controls
various physiological functions of the central nervous system denoting learning, drug

addiction, and movement *’...

Different diseases can result from a disorder of DA in the human body denoting
Parkinson's, schizophrenia, and attention deficit 1’. Moreover, abuse of DA can lead to
depression and drug dependence 8. Thus, a highly selective and efficient biosensor is
needed in clinical use since the electrochemical performance of DA is a key role in this

kind of diagnosis *'.

a)

dopamine dopamine quinone (DQ)
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Figure.ll. 21.a) 3D conformer and b) molecular structure of DA; c) oxidation reaction equation of DA

V.3. Environmental analytes

Food and water control become a challenging research area since pollutant determination
at the trace level is required. In fact, pesticides are widely used in producing food; they
include herbicides, insecticides, and fungicides. Given to the extraordinary rise of industrial
growth, the chemical additive products in food are improved. The abusive use of these

compounds results in either the destruction or reduction of food *°. Thus, their detection is
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needed, due to their hazard to human and animal health citing infertility, carcinogenicity,
respiratory problems, and neurological diseases 1°3. Therefore, the early detection of these

chemicals in food is significant.
V.3.a.Fungicides: Thiram

Fungicides (Thiram, Maneb, Mancozeb,...) quantification is nowadays strongly needed to
monitor different fungal diseases in plants. Further, to avoid toxicity issues in humans
associated with the use of fungicides in agriculture, the maximum residual limit in food
imposed by the European Union (EU) is settled from 0.41 to 41.6 uM?%.

Among sulfur derivatives, thiram is the second most used fungicide in agriculture %%, see
Figure. 11.22. It is a toxic high-chemical and biologically active molecule due to its ability
to chelate polyvalent cations?!. Because of its strong affinity with soil particles and low

solubility in water, it is challenging to eliminate Thiram from the natural environment.??

b)

Figure.ll. 22.Thiram (a) 3D conformer and (b) chemical structure
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Chapter 111

Results & Discussion: Electrochemical Sensors
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Acronyms and Abbreviations

All the abbreviations used in this chapter are listed below:

= 2D: Two-dimensional

=  MoSz: Molybdenum disulphide

= UV: Ultra-violet

= <N>: average number of layers

= SEM: Scanning electron microscope

= EDX: Energy dispersive spectroscopy

= SPCE: Screen printed carbon electrode

*  Au@MoS2: Gold nanoparticle-molybdenum disulphide
= D: Diffusion coefficient

» |pa: Anodic peak current

» Rct: Charge transfer resistance

= Rs: Electrolyte resistance

= Zw: Warburg impedance

= Cqi: Double layer capacitance

= PBS: Phosphate buffer solution

= CV: Cyclic voltammetry

=  WE: Working electrode

= AuNPs: Gold nanoparticle

= LSV: Linear sweep voltammetry

= FT-IR: Fourier transform infrared spectroscopy
= WS2: Tungsten disulphide

= GO: G raphene oxide

=  GO-WS2: Graphene oxide- tugsten disulphide
= NS: Nanosheets

= PL: Photoluminescence

= EIS: Electrochemical impedance spectroscopy

= DPV: Differential potential voltammetry



Ei and Ef: Initial and final energy
DLS: Dynamic light scattering
BZ: Brouillon zone

MoSe>: Molybdenum selenide

DA: Dopamine
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Overview

In this section, we will start with the findings obtained with the electrochemical sensing
layers. First, we will present the basic characterizations that occurred on the samples and
the sensing layers. Then, we will present the different electrochemical and electroanalytical
tests performed on the different modified SPCE toward various analytes.

I. Molybdenum disulphide (MoS>)

The obtained nanosheets were characterized by using several techniques and then used for

the in situ determination of vitamin B9.

I.1. UV-Vis spectroscopy

The exfoliated MoS> nanosheets were characterized with UV-Vis spectroscopy after their
dilution at 1:10 (V/V) where the obtained spectrum is presented in Figure.lll.1. Four
prominent excitonic bands were observed. An excitonic transition with E = 0.19eV results
in the appearance of A and B located at ~676nm and ~613nm, respectively 12, Moreover,
the C (at 467nm) and D ( at 382nm) excitonic bands were observed that are derived from

the direct excitonic transition from VB to CB?.
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Figure.l11.1.(a) Extinction spectrum of the 2D-MoS2 dispersion (diluted 1:10 v/v). (b) Second derivative of the extinction
signal. Inset: Picture of the MoS2 nanosheets suspension (non-diluted solution).




Chapter 111: Results & Discussion: Electrochemical Sensors

From the UV data, we can compute several characteristics parameters for MoS, nanosheets
denoting their concentration, average length, and the number of layers (N). These

parameters were determined using the following empirical formulas *:

3.5«Extg/Ext3so —0.14

(L) (pm) = 11.5-Extp/Ext3sg ()

1
C = —Ext350/£350 = —

Log,¢,T(1=350nm) eq(2)
l €350 l

(N) = 2.3 + 1036 ¢54888/44 eq (3)

Based on the intensity of the local minimum extinction at 350nm (Extsse) and the intensity
of B-band (Exts), in equation (1), we have determined that the average length (L) is equal
to ~ 200 nm. The concentration of these dispersions is found to be 32 pug/mL calculated
with equation (2) with &35, is the absorption coefficient equal to 69 Lg*cm™4. The cuvette
length (1) is 1cm and Tjsso is the transmittance at the local minimum. The average number
of layers (N) is found to be ~12 that is calculated from equation (3) based on the

wavelength of A-band.

1.2. Raman discussion

At room temperature and using a 514.5nm laser line, we collected the Raman spectrum of
MoS> nanosheets (Figure.lll.2). Two prominent Raman modes are located at 385nm and
410nm identifying the vibration of S-M atom in-plane (E'24) and the vibration of S atoms
out-of-plane (A1g) modes®. Based on the difference between these two vibrational modes
Ao(Elz-A1g), we can determine the number of layers 8. As cited by Sahoo, D. et al., the
Ao decrease from 26cm™ to 17.5cm™ when decreasing the number of layers i.e. from bulk
to single layer ’. In our case, the Elxg-A1q frequency difference is found to be 25cm™
indicating that we have more than 6 layers that are in agreement with the previous
investigation 8. Moreover, this difference and the number of layers N are related by the

following mathematical equation :

Ao (Ayg - Elzg) = 25.8 -8.4/N eq (4)

Based on the equation above, the N of MoS; is equal to 10 °1°,
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Figure.lll. 2.Raman spectrum of MoS2 at room temperature under 514.5 nm laser line. Inset: atomic displacement of active

(E12q, Alg).

I.3.Scanning electron microscopy-energy dispersive X-ray discussion

One of the important characterizations is scanning electron microscopy (SEM) coupled
with energy dispersive X-ray (EDX) spectroscopy that is occurred to study the morphology
of MoS; onto the screen-printed carbon electrode (SPCE). The outcomes of this
characterization are shown in Figure.lll.3. The morphology of unmodified and modified
2D-MoS; SPCE is presented in Figure 111.3.a-b. The modified Au@MoS; electrode was
also characterized. Figure I11.3.c shows the morphology of this modified SPCE at low
magnification showing that the electrode is covered by the modified MoS, SPCE and
forming aggregates with size ranges from 80nm to 200nm as depicted in Figure. 111.3.d (at
high magnification). The EDX spectrum proves the presence of the predicted elements as
shown in Figure 111.3.e where the wt% is 71, 24, 4, and 0.3 for Au, C, Mo, and S elements,
respectively. It is shown in this spectrum the presence of Cl element that can be introduced

to contamination by HAuUCI4 used in the preparation of Au-MoS:.
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Figure.l11. 3.SEM images showing the morphology of: a) bare SPCE; b) 2D-Mo0S2 nanosheets over SPCE surface, c, d)
SEM image at different magnification of the AuNPs-MoS2/SPCE surface; e) EDX spectrum.

|.4.Electrochemical study of Au-MoS,/SPCE

Before the electroanalytical study of the modified electrodes, we should study their
electrochemical behaviour. To achieve that, we performed the CV test in ferrocyanide
solution [Fe(CN)]* " at [-0.2V, -0.6V] potential range and at 0.05V/s scan rate. Compared
with the bare SPCE, a slight improvement in the current response, see Figure.
I11.4.However, Au-MoS,/SPCE illustrates better performance toward the determination of
the redox [Fe(CN)s]* *~ compared to unmodified and MoS; SPCE due to the higher surface

area.

The active surface area (A) is computed using equation (5) where the anodic peak current
is Ipa (expressed in pA), the diffusion coefficient ‘D’ is expressed in cm?s™?, v is the used
scan rate, n is the number of electrons involved in the oxidation reaction, and C is the
concentration in mol cm 1. Owing to this equation, we conclude that A of AuNPs-
MoS2/SPCE increased by 12% compared to that of the bare.

I, =2.69 x105SADY/2n3/2yY/2C  eq (5)
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In the ferrocyanide solution, we performed electrochemical impedance spectroscopy (EIS)
test to further study the electrochemical response, and the Nyquist plot of the electrodes is
depicted in Figure.lll.5 For unmodified electrodes, we obtained semicircle and linear
segments in high and low frequencies, respectively. The equivalent circuit is illustrated in
Figure.ll1.5.b with Randles parameters Rct, Rs, Zw, and Cdl identifying charge transfer
(CT) resistance, electrolyte resistance, Warburg impedance, and double-layer capacitance,
respectively. A change in Rct may be assigned to a modification of the CT rate across the
interface. In this framework, a crucial change in the CT resistance from ~3707Q to 19.6KQ
and 19.3KQ for bare, MoS2/SPCE, and Au@MoS,/SPCE, respectively.
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—— MoS /SPCE
——Bare SPCE
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Figure.lll. 4.CV in [Fe(CN)6]3—/4—solution for the SPCE, MoS2/SPCE and AuNPs MoS2/SPCE.
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Figure.lll. 5.(a) Nyquist plot of bare SPCE, M0oS2/SPCE and Au NPs-MoS2/SPCE. (b) equivalent circuit

1.5.Folic acid (FA) determination using Au-MoS,/SPCE

In 0.01M of phosphate buffer solution (PBS) with pH=7.4, FA determination occurred with
unmodified and modified (MoSz, Au-MoS;) SPCE at 50mV/s scan rate and in [0V;1V]
potential range as shown in Figure.lll.6.a. No faradic peak is observed with unmodified

SPCE and MoS,/SPCE where the CV of the prior electrode is larger because of the higher
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capacitive effect of the sensing layer. Yet, with Au@MoS,/SPCE, we observed a couple
of anodic and cathodic peaks dominate the CV curve located at 0.27V and 0.85V,
respectively. These peaks are identified in the redox cycle of Au indicating the formation
of AuNPs on the working electrode (WE).

Figure.l11.6.b presents the electroanalytical method, Linear Sweep Voltammetry (LSV),
chosen for the detection of vitamin B9 in PBS containing different concentration values.
At 0.6V, we observed a weak oxidation peak that shifted to lower potential (0.52V) and
higher current intensity with MoS2/SPCE (inset Figure.111.6.b) indicating that MoS; is good
electrocatalytic than bare SPCE for the determination of FA.
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Figure.lll. 6.(a)CV of bare SPCE, M0S2/SPCE, and Au NPs MoS2/SPCE in PBS solution at 50 mVs-1, b) LSV measurement
of bare/SPCE, c¢) MoS2/SPCE and c) calibration curve of FA on the bare SPCE and MoS2/SPCE

At a different concentration of FA ranging from OuM to 100uM, we performed an
electroanalytical test on Au@MoS,/SPCE where we observed a significant decrease in the
current peak of Auox/Aured When increasing FA concentration, see Figure I11.7.a. This
modified electrode illustrates a larger variation in signals compared to the other studied

electrodes, see Figure Il1.7.a. Regarding the sensitivity, it was computed in two linear
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regimes. In the first one [0 M, 20 uM], the sensitivity is equal to ~21 which is ~5 times
higher than that in [20 uM, 100 pM], see Figure I11.7.b.
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Figure.lll. 7.(a) CV measurement of FA on AUNPs-MoS2/SPCE; (b) Calibration curve of AuNPs-MoS2/SPCE. Calibration
curve of FA on SPCE and MoS2/SPCE are also shown for comparison

.6. Sensing mechanism

The sensing mechanism beyond FA determination on MoS,/SPCE and Au-MoS2/SPCE is
different which can be explained by the interaction of this analyte with the sensing layer in
the presence and the absence of AuNPs. Indeed, on MoS,/SPCE, the sensing layer behaves
as an active surface to electrooxidizes FA as shown in Scheme I11.1.a. Nevertheless, the
suggested sensing mechanism for MoS>/SPCE does not operate with Au-MoS2/SPCE
where the surface is covered by the FA molecules that adsorbed strongly on AuNPs surface
as shown in Scheme.lll.1.b. The strong adsorption poisons the sensing layers preventing
the electrooxidation of vitamin B9. Using SERS, Raman analysis, and DFT calculations,
Castillo’s group proved that the interaction between gold and FA occurred through nitrogen
in the pterin part (circled in red) *2. In addition to that, these molecules can be adsorbed on

the AuNPs surface by the carboxylic group.

a) pehydrofolic acid b) pehydrofolic acid

Folic acid Folic acid

carbon electrode

Scheme.ll1. 1.Schematic representation of adsorption/reaction processes which occur in the presence of FA on the surface
of: a) MoS2/SPCE and b) Au NPs-MoS2/SPCE.
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In Majidi et al work, they suggested that the interaction between AuNPs surface and
vitamin B9 is achievable through the glutamic acid moiety especially its carboxylate group

and the amin group of pterin portion

Since the binding affinity between FA and the AuNPs, the active sites’” number decreases
in the Au surface leading to the current reduction observed with the LSV test. A comparable
sensing mechanism is reported on AuNPs-TiO> nanotubes for the determination of GSH

(glutathione) 4.

1.7. Fourier transform infrared (FTIR) study

Fourier transform infrared (FTIR) test was recorded on AuNPs-MoS,/SPCE to further
study the interaction between FA-AuUNPs. Figure I11.10 illustrates the FTIR spectra of
unmodified and modified electrodes in addition to that of the FA powder. This prior
presents the prominent absorption peaks at 1694cm identified to C=0 stretching, 1607cm”
1 and 1475cm™ corresponding to pterin and phenyl rings. On both the bare electrode and
MoS/SPCE, the vitamin B9 signature is hardly visible, which is not the case with Au-
MoS2/SPCE as shown in Figure 111.8. This result suggests that B9 molecules interact with
AUNPs on the surface of the modified electrode that may be introduced in the spectrum

with the absence of the skeletal vibration of pterin ring (at 1508cm™).
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Figure.lll. 8.FT-IR spectra acquired from FA deposited from a solution 10-4 M on the investigated electrodes

1. Graphene-Tungsten disulphide (GO:WS>) nanocomposite

I1.1. Scanning electron microscopy-energy dispersive X-ray study

The morphology of the modified and bare SPCE electrodes is studied with the SEM-EDX

technique where their outcomes are depicted in Figure 111.9. From these findings, we noted
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that the morphology of the working electrode of SPCE is modified compared with
GO/SPCE and bare SPCE that is proved also by EDX spectrum where the expected
elements are detected.

Figure.l11. 9.SEM images of (a) GO/SPCE, (b) GO@WS2(1:1)/SPCE, and (c) EDX spectrum of GO@WS2(1:1)/SPCE.

11.2. Raman discussion

The nanocomposite GO@WS>, WS, nanosheets, and pure GO powder were characterized
with Raman spectroscopy to verify their characteristic vibrational modes, see Figure 111.10.

All spectra were recorded at room temperature and under a 514.5nm laser line.

Raman spectrum of the exfoliated WS> nanosheets (NS) dropped in silicon slide is
presented in Figure 111.10.a. The two significant modes were obtained in the Raman
spectrum located at 351cm™ and 416cm™ standing for the W-S in-plan vibration (E'24) and

the S atom out-of-plan vibration (Ayg), respectively.

Three characteristic peaks of GO were observed; D-band (at 1370cm™) indicating the
defect mode, G-band located at 1590cm™ standing for graphite mode, and the secondary
D-band, named also G’ or 2D band, obtained at 2700cm™ identifying the ordered sp?

hybridized carbon network *°, 6,

Following the literature, the ratio value of D and G bands intensities is used as an indicator
of graphene and its analogs’ order degree in the crystal structure . Indeed, the higher
disorder in these 2D materials is related to the higher broadness and intensity of the D and

G bands, respectively. According to Qiao et al. group, the higher graphitization degree is
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observed when the intensity ratio of the D and G band (Io/lg) decreases 8. In this
framework, the Ip/lg ratio value of pure GO is 0.6 showing the good order in its crystal
structure. For the GO@WS> nanocomposite, this ratio is equal to 0.74, 0.5, and 0.44 for
1:2, 1:1, and 2:1 GO: WS; ratios, respectively.

At these experiment conditions, we could not observe any characteristic vibration Raman
mode of WS, NS after the deposition onto the working surface of SPCE. This is maybe
introduced to the porous surface of the electrode resulting in the suppression of WS;

vibrational modes.
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Figure.lll. 10.(a) Raman spectrum of WS2 dropped on SiO2 substrate (b) Raman spectrum of GO/SPCE(black line),
GO@WS2 (1:1)/SPCE (red line) , GO@WS2 (1:2)/SPCE (blue line), and GO@WS2 (2:1)/SPCE (green line).

11.3. Photoluminescence (PL) study

At ambient conditions and under 350nm excitation wavelength, the optical features of the
nanocomposite GO@WS; at different ratios and the starting 2D materials were studied

using photoluminescence (PL) spectroscopy as shown in Figure I11.11.

For the starting 2D materials, an intense emission peak at 525nm as well as shoulder (at
450nm) are observed in the PL spectrum for GO. A large band at 440nm and intense peak

at 411nm are obtained in the PL WS, spectrum 1°,

Compared with the starting components, a different PL behaviour is noted for the different
GO@WS; nanocomposites. Due to the strong interaction between WS, and GO, a

guenching effect in the photoluminescence is observed at 525nm in addition to a new strong
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emission located at 398nm. This prior finding is noted also by Krishnamoorthy group and

it can be introduced as an indication of the formation of GO@WS: nanocomposite °.
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60000 < —— GOMWs,(1:1
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20000

T T T
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Figure.l1l. 11.Photoluminescence emission spectrum of GO, WS2, and GO:WS2 samples with different ratios.

11.4. Electrochemical test

Before the study of the electroanalytical behaviour of the modified electrodes, an
electrochemical test is needed. Figure I11.12. shows the performed electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) tests, on the bare and the
modified SPCE, in ferrocyanide solution (Fe(CN)s]*™*) and phosphate buffer solution
(PBS), respectively.

Based on the Nyquist plot, we can determine various information. For bare SPCE, we noted
a semi-circle and a linear line in high and low frequencies, respectively. The charge transfer
resistance is identified by the semi-circle where the linear part identifies the Warburg line
2120 The equivalent circuit revealed from the EIS data is presented in Figure 111.12.a. For
the modified electrodes, at the interface of the SPCE electrode and the solution, the
nanocomposite with a high ratio possesses lower Rct in comparison with GO where the
lowest value is noted with GO@WS2(2:1). In agreement with the previous investigation,
this finding indicates that the formation of the nanocomposite enhance the electrochemical
features of the modified SPCE, see Figure 111.12.c %2.

A CV test is recorded for all electrodes in [Fe(CN)g]* 7 solution at [-0.2V;0.6V] potential
range at 50mV/s scan rate, see Figure 111.12. A strong improvement is observed in the
[Fe(CN)s]*"* intensity current peak on all modified electrodes compared with the
unmodified electrode. The increase in the surface area increases capacitive current which

is defined by the enlarging that occurred in the CV cycle. On the modified SPCE, a decrease
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in the potential peak difference AEp is observed in addition to well-defined and sharp
peaks. The cited improvement is due to the increase in the active sites on the WS,@GO

surface and to the boost in the process.
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Figure.lll. 12.a) EIS spectra of bare, GO/SPCE, and GO@WS2/SPCE electrodes; b) equivalent circuit used for fitting EIS
data; c) RCT values computed for the electrodes as a function of the GO/WS2 ratio; d) CV test in ferrocyanide solution
([Fe(CN)6]4—/3-)

11.5. Electrochemical determination of Thiram

The modified electrodes are used now for the determination of Thiram at low
concentrations. All the electroanalytical tests occurred in PBS (pH=7.4, C=0.01M) at a
50mV/s scan rate in the [0V;1.2V] potential range.

The first test was done on the modified electrode and the bare SPCE is CV analysis in PBS
containing 0.25uM of thiram as shown in Figure.ll1.13. From these findings, the modified
electrode depicted better performance compared with unmodified SPCE toward the
determination of Thiram. Moreover, we noted the oxidation peak of Thiram at 0.6V, and
no reduction peak is obtained on both bare and GO@WS: (1:1) SPCE electrodes. This prior
signifies that the process of thiram electrooxidation is irreversible. The variation of Thiram

concentration as a function as scan rate (from 0.025V/s to 0.4V/s) will define the sensing
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mechanism of the modified electrode, see inset Figure I11.13. Indeed, a linear increase in
anodic current peak is observed when increasing the scan rate (ipa Vs V?), see inset
Figure.l11.13. This linear relationship indicates that the electrooxidation of Thiram is
adsorption-controlled.

Since no cathodic peak current is observed in the preliminary test, the linear sweep
voltammetry (LSV) analytical technique is selected for the determination of thiram at
different concentrations ranging from OuM to 0.58uM, see Figure.l11.13. A shift to lower
potential is observed on GO@WS,/SPCE with an improvement in the anodic current peak
of 2 times compared to that of the bare SPCE.

The sensitivity is one of the major features of the sensors that are computed from the
calibration curve (Figure.l11.14). Based on these data, in a linear range up to 0.35uM, the
sensitivity of the modified SPCE is more significant than that of the unmodified SPCE. In
agreement with the literature, the obtained enhancement in the sensitivity is due to a couple
of facts; the electrocatalytic behavior of WS, and GO’s adsorption capacity for the
oxidation of Thiram. These features result in the synergic action that improves the

electroanalytical performance of the nanocomposite GO@WS; 2°,.

In table 111.1, we compare the results from this investigation and other findings achieved in

the determination of Thiram.
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Figure.l11. 14.LSV test of (a) bare SPCE, (b) modified GO@WS2(1:1)/SPCE, (c) calibration curve, (d) comparison on
different sensors of the response to 0.25 uM of Thiram.

Table.l11. 1.Comparison between the findings obtained with our electrode and other investigations toward Thiram
determination

Electrode LOD Linear range Electrocl?emlcal Ref.
technique
2.5ng mL
GSH-Cu 1;250ng mL-1 24
NAD+ and K3Fe(CN)6
ISPCE 0.37 uM n.r 25
. 0.014

Zeolite/CPE 0.042 uM UM:4.16 UM DPV 26
Au/SPCE 0.092 uM OOLLl_SI HY Amperometry 27

H 2
GCE dlssolvgd Cu“+and nr nr cvV 28

Zn+
CPE 2.07 uM DPV 29
0.083 )
GO/WS,@SPCE 0.02uM LM:0.33 UM LSV This work

n.r: not regonized

11.6. Variation of GO@WS: ratio effect

Since the studied modified electrode in the previous section shows a good performance in
the determination of Thiram, we chose to study the effect of the GO@WS: ratio on the
electrooxidation of these organic molecules *. Indeed, three modified electrodes were

prepared with the following formulation of GO@WS: (x:y); 1:2, 2:1, and 1:1. For these
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electrodes, we apply differential pulse voltammetry (DPV) analytical technique in PBS
(pH=7.4, C=0.01M) containing Thiram with concentration varies from 0.083uM to
0.33uM using the following conditions; 0.1V/s as scan rate, pulse width 100ms with initial
potential (Ei) is 0.2V and final potential (Ef) is 1V. All the outcomes are depicted in
Figure.ll1.15. It can be noted as, increasing the amount of GO in the composites, the
electrochemical performance of the electrode toward the determination of Thiram is
favorite, owing to the combination of the electrical conductivity of GO and the catalytic
sites of WS; nanosheets.

From the calibration curve plotted in Figure.lll.14, we noted that the best sensitivity is
obtained with the ratio of 2:1. To check the reproducibility of this modified electrode, we
performed the same conditions a DPV test after 33 days for the detection of Thiram. From
Figure.ll1.16, we may propose that our modified electrode GO@WS, (2:1) ratio is

reproducible and sensitive to Thiram.
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Figure.lll. 15.DPV analysis of GO@WS2/SPCE (a) 1:2, (b) 1:1%, (c) 2:1,(d) GO/SPCE, (e) calibration curve, and (f)
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Figure.lll. 16.Reproducibility of GO@WS2/SPCE sensors. Test 2 performed on GO/WS2(2:!)(@SPCE after 33 days, in the

same operative conditions.

11.7. Real Sample Thiram determination

Electrochemical detection is an ideal analytical technique for in situ analysis of

pesticides, providing high sensitivity, simple sample treatment, and easy operating procedure.

Tests above presented have demonstrated that the developed modified SPCE is very sensitive

for the determination of Thiram at low traces. Hence, an investigation was also carried out for

the determination of Thiram in a real sample. Thiram can be found for example in fruit juice,

water river, fruits, food and soil. In this work, we have checked the efficiency of our electrodes

in the detection of this dithiocarbamate fungicide in mineral water, spiked with known

quantities of Thiram that are below the maximum residue limits (MRLS) for this pesticide, as

proposed by EU.
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Results using GO/WS(2:1)@SPCE for determination of Thiram in mineral water, are
shown in Fig. 111.17.a. Interestingly, the response is the same to that obtained in PBS, indicating
that the sensor is not affected by matrix effect. Further, adding to this solution a very high
concentration of Mancozeb (M), another well-known fungicide, only a slight increase of the
Thiram anodic peak was observed. This finding is promising because allow us to determine the
concentration of Thiram also in the presence of this other fungicide. On the other hand, by this
electrode is not possible to obtain the simultaneous determination of both fungicides. Further
investigations are needed to improve the selectivity of this modified sensing layer.

The results presented in Fig. 111.17.b have shown that the sensor reliability is high, i. e.
the relative standard deviation is low (the differences between the results obtained in different
experiments) showed a coefficient of variation of less than 3%. This was also confirmed also
comparing tests carried in PBS and natural water (see Fig. 111.17.b)
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Figure.lll. 17. Reproducibility of GO@WS2/SPCE sensors. Test 2 performed on GO/WS2(75%)(@SPCE after 33 days,
in the same operative conditions.

I11.  MoSe:@AuNPs nanocomposite

I11.1. Morphology study of gold nanoparticles (AuNPS)

I11.1.a. Scanning electron microscopy (SEM) discussion

The green-synthesized AuNPs were characterized on SPCE device scanning electron
microscopy (SEM). Their outcomes are illustrated in Figure 111.18. Indeed, at high
magnification, the working surface morphology of SPCE is changed indicating the
successful modification of this device with AuNPs while at lower magnification we can
note the AuNPs.
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Based on these data, we determine that the elaborated AuNPs possess an average spherical

shape with an average diameter of 57nm (see Figure 111.16.c) 3.
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Figure.lll. 18.SEM images of AUNPs at 1um (a) and 200nm (b). (c) the histogram distribution

I11.1.b. Ultra-violet(UV) and dynamics light scattering (DLS) discussion

According to the size and shape of 2D-gold, the localized surface plasmon resonance

(LSPR) changes position in the extinction spectrum. In this framework, Figure 111.16.a
shows the LSPR of the synthesized AuNPs that was observed at 547nm proving that the

size of these nanoparticles is 50nm in agreement with Philip, D. work 31, The obtained

findings are in accord with SEM findings and DLS data as presented in Figure 111.18.b.

Intensity (counts)

1.22 4

1.14

a)

LSPR AuNPs

547nm

T
500

580
wavelength (nm)

T
600

650

b)

—=— Gold Nanoparticles

T
100

Size (nm)

LRRLLL ma e
1000

T
10000 100000

Figure.lll. 19.(a) LSPR of AuNPs located at 547nm. Inset AuNPs (b) DLS of AuNPs
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111.2.Ultra-violet (UV) discussion of MoSez nanosheets

The exfoliated molybdenum selenide (MoSe>) at different two different centrifugation
power (1.5Krpm and 5Krpm) were characterized by a UV tool in the range [500nm;900nm]
at room temperature. The outcomes of this characterization are shown in Figure 111.19.a-b
where we noted two excitonic transitions at the K-point of the brouillon zone (BZ) resulting
in two excitonic bands at 1.54eV (A band) and 1.77eV (B band) identifying that we have
2H-MoSe; polytype 32333435 Moreover, two bands are observed at around 295-420nm

identified to C and D bands indicating the same origin as in MoS;%.

From UV findings, we can determine various information citing concentration of the
dispersion, length and number of layers, and bandgap value. Indeed, using the Beer-
Lambert law at the B band, we can calculate the concentration of the MoSe, dispersion

through equation 1 3,
As=ail C (eq 1)

This equation relates the absorbance ‘A’, absorption coefficient ‘a’, the concentration ‘C’,
and optical path ‘I’ is equal to 10mm. According to Woodward, R. I. et al work, azop is
equal to 615 L g*m™ 34, Therefore, the concentration of MoSe; exfoliated at 1.5Krpm and

5Krpm are 0.92gL* and 0.46gL ™2, respectively.

Since MoSe; has been studied recently, there is no wide investigation regarding these
nanosheets. However, owing to the similarity of this compound to the other sulphur
TMDCs materials, we can use the equation (1) with the local minimum at 380nm to
determine the average length <L> that is found equal to 116nm and 196nm for 1.5Krpm

and 5Krpm, respectively ¥
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Figure.l11. 20.Absorption spectra of (a) MoSe2(1.5Krpm) and (b) and MoSe2 (5Krpm)

111.3. Raman of MoSe>

Raman spectroscopy is a non-destructive and powerful technique that is used for the
vibrational characterization of different samples and within several parameters are
determined. Five vibrational modes are identified for a monolayer of MoSe, with the

following irreducible representation according to the group theory 38:
I'= A (IR)+ E2g (R)+ Agg (R)+ E1g (IR+R)
R and IR are defined for active Raman modes and active infra-red modes, respectively.

At room temperature and under a 638nm laser line, MoSe> (1.5Krpm and 5Krpm) dropped

on p-dopped Si/SiO: slide Raman spectra were collected and presented in Figure 111.21.

The spectra are dominated by the prominent characteristic mode at between 239-242cm*
named for out-of-plane mode (Aig). Moreover, we observed the in-plane (El5) mode
located at 284cm™. Both wavelength and intensity of these main vibration Raman modes
are sensitive to MoSe: thickness. In fact, a decrease in Aig position and an increase in Exg

position are noted when decreasing the number of the layers.

The success of the few-layered MoSe> obtention is identified by two facts. The first one is
the strong Aag intensity compared with that of E*»g. The second is the red shift in the Asg

position due to the increase in the centrifugation power results in the decrease in the number
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of layers, see Figure 111.20. The observed shift in the Azq position from MoSe> (1.5Krpm)
to MoSe>(5Krpm) resulted from the increased of centrifugation power resulting in the weak
inter-binding, then, indicating the successful exfoliation of MoSe, nanosheets 3940,
According to Sun, Z. et al. work, a red shift is observed with the different MoSe> number
of layers due to Davydov splitting **.

In sulphur TMDCs 2D materials, the difference in wavelength of out-of-plane and in-plane
modes Ao (A1g-El2g) is used as an indicator for the number of layers (N). However, non-
similar to these materials, the number of layers (N) is determined from Raman spectra
based on either the difference of AA(A14-Si) or the intensity ratio of Aig and Si #? %3, The
first indicator remains constant when N is higher than 9 and in our case, the decrease in the
ratio value noted for 5Krpm and 1.5Krpm indicates that we have up to 9 layers “3. Using
the A1g and Si intensities ratio (Iaiglsi), we found that this ratio indicates the exfoliation of
5 layers for 1.5Krpm and 3 layers for 5Krpm *,
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Figure.lll. 21.Raman spectrum of MoSe2 nanosheets (NS) at 1.5Krpm(black line), and 5Krpm (red line) dropped on p-doped
Si/ Si02

I11.4.Electrochemical test on MoSe»-based electrodes

The modified electrodes were tested with electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) in ferrocyanide solution [Fe(CN)6]**. Figure 111.22.a shows
the CV outcomes for the different sensing layers; WS, (1.5Krpm), MoS; (1.5Krpm), and
MoSe, (1.5Krpm). An increase in the intensity of [Fe(CN)6]*/[Fe(CN)6]* with
MoSe,/SPCE compared with other modified and unmodified electrodes due to the higher
surface area of these sensing layers. This finding is proved also by the EIS spectra shown

in Figure 111.21.b. Two parts are observed in the Nyquist plot. The first one is the semi-
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circle assigned for the limited process of electron transfer. The electron transfer resistance
(RcT) is identified by the semi-circle radius obtained in Figure.21.b. The second part is the
Warburg line identifying the limited diffusion. The obtained shape is illustrated in Figure
[11.16.b the conductive surfaces of the modified working electrodes ?'. When the non-
conductive molecules block the charge transfer, the value of Rcr will be higher 2. This
case is observed in our investigation, where the Rct of WS is higher, and in agreement
with Loo, A. H. investigation, MoSe: has the best charge transfer kinetics compared with
sulphide 2D-materials #*. The characteristic Randles parameters are presented in Table
1.2
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Figure.lll. 22.(a) EIS spectra of unmodified and modified electrodes, (b) the obtained and (c) simulated equivalent circuit

Table.ll1. 2.Randles circuit equivalent parameters

Electrode Randle’s circuit parameters
Rer(Q) Rs(Q)
Bare SPCE 5022 46
MoSe;(1.5K)/SPCE 4918.1 133.11
MoS>(1.5K)/SPCE 4932.3 47.012
WS>(1.5K)/SPCE 14522 17.852
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I11.5.  Electroanalytical determination of dopamine (DA) on MoSe;-
based SPCE

Due to the importance of the determination of DA, we will check the efficacy of the
modified electrodes toward the determination of this neurotransmitter molecule.

A brief CV test for comparison purposes is performed for the MX2/SPCE in PBS containing
DA with concentration ranges from 3uM to 100uM at 0.05V/s in [-0.4V; 0.8V], as shown
in Figure 111.23.a-b-c. Herein, as expected MoSe> (1.5Krpm) shows better performance and
sensitivity than the other SPCE, Figure 111.23.d. Indeed, an increase in faradic current of
DA is observed owing to the large surface area, increase in the active sites, and high electric
conductivity of MoSe2(1.5Krpm) sensing layers. The various electrochemical performance
noted with the different MX2/SPCE is due to the electronic structure, conductivity, and

carrier mobility.
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Figure.l11. 23.CV curves of DA in (a) MoS2/SPCE, (b) WS2/SPCE, (c) MoSe2/SPCE, and (d) calibration curve

From the data above, we will check the efficiency of MoSe; (1.5Krpm and 5Krpm) sensing

layers toward the determination of DA at different concentrations ranging from 0.5uM to
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80pM. The CV findings of these modified electrodes are depicted in Figure 111.24. It is
clear that modifying the working electrode with MoSe2(5Krpm) shows a better response in
Faradic current of DA at lower concentrations (less than 3uM) compared with the other
modified and unmodified SPCE. This prominent result is related to the decrease in the
number of layers when increasing the centrifugation power in the elaboration process of
MoSez i.e low number of layers of MoSez nanosheets results in improvement of
electroanalytical response and conductivity of the SPCE. The sensitivity obtained with
MoSe2(5Krpm)/SPCE boosted with ~3 and ~4 magnitudes compared with bare and
MoSe>(1.5Krpm) SPCE, respectively.
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Figure.lll. 24.CV curves of (a) bare/SPCE, (b) MoS2(5K)/SPCE, (c) MoSe2(1.5K) from 0.5uM to 100uM, and (d)
calibration curve

Since our goal is to develop a sensitive sensor, we modified the working electrode of
unmodified SPCE with Au@MoSez(5Krpm) nanocomposite and we checked its efficiency
and sensitivity toward DA as illustrated in Figure 111.25.a. Compared with the CV outcomes
of bare and MoSe.(5Krpm) electrodes, the nanocomposite shows a crucial enhancement in

the Faradic current of DA owing the good charge transfer between the sensing layers (Au-
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MoSe>). This fact increases the number of active sites on the Au@MoSez(5Krpm) matrix

interacting with DA molecules.

The sensitivity of this modified SPCE is computed based on the calibration curve where it
was noted that the sensitivity of Au@MoSe, (5Krpm)/SPCE is significantly improved by
a factor of 8 compared with the unmodified electrode and 3 times compared with pure
MoSe2(5Krpm)/SPCE, see Figure 111.25.b.
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Figure.lll. 25.(a) CV curve of Au@MoSe2(5K)/SPCE in PBS containing DA and (b) the calibration curve
I11.6.  Selectivity test of MoSe2(5Krpm)-based electrodes

Further to the sensitivity, selectivity is one of the sensor’s major characteristic parameters.
To determine this feature, we need to check the efficacy of the modified electrodes at a
similar potential in PBS containing DA and its interference bio-molecule i.e. uric acid
(UA). The selectivity test is performed for MoSe(5Krpm)/SPCE and
Au@MoSe,(Krpm)/SPCE using CV analytical technique in PBS electrolyte with 60puM of
DA and UA at different concentrations ranging from 7.7uM to 61.6uM. For both modified
electrodes, the DA Faradic current remains constant when varying the UA concentration,
however, a slight change is noted with Au@MoSe2/SPCE when the UA is more than 30uM
(Figure 111.26).
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Based on these data, we have determined that the relative standard deviation (%RSD) is
equal to 2.6% and 4.1% for MoSe>(5Krpm)/SPCE and Au@MoSe2(5Krpm)/SPCE,
respectively. This finding indicates the good reproducibility and repeatability of these

SENSOors.

8 60 of DA 61.6u0

Current (UA)
Current (uA)

MoSe (K SPCE]

T T T T T T T T T T T T T
04 -02 00 02 04 08 08 -0.4 0.2 0.0 02 04 06 0.8

Potential (V) Potential (V)

Figure.l11. 26.CV curves of MoSe2(5K)/SPCE, Au@MoSe2(5K)/SPCE in PBS containing 60uM and UA in different
concentration

I111.7. DA determination in real sample

Further to both selectivity and sensitivity features, it is crucial to check the performance of
the modified sensor in a real sample. In this framework, we achieved a CV test on both
MoSe,(5Krpm)/SPCE and Au@MoSe>(5Krpm)/SPCE in PBS containing real tyrosine and
spiked DA as well as UA. The outcomes of this study are depicted in Figure 111.26 that is
occurred in three phases; starting with the addition of a 30uM spike DA that remains
constant and we add then real tyrosine to electrolyte solution at different concentrations
ranges from 10M to 100uM. Then, at 100 uM of Tyrosine, we increase Cpa to reach 100
HUM. In the final phase, we conserve both tyrosine and DA concentrations at 100 UM and
we add UA up to 226 uM that interfere with DA at the same potential.
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Figure.l11. 27.CV test of (a) MoSe2(5Krpm)/SPCE, (b) Au@MoSe2(5Krpm)/SPCE in PBS containing real Tyrosine spiked of
DA and UA; dots lines is when CTyr increase and CDA remains constant, continuous line CTyr=100uM and CDA is varying,
and dots lines CDA and CTyr remains constant at 100uM while UA concentration varies
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Acronyms and Abbreviations

All the abbreviations used in this chapter are listed below:

ERS: Enhanced Raman spectroscopy

MBA: 4-mercaptobenzoic acid

Au@WS;: Gold nanoparticles-tungsten disulphide
LSPR: Localized surface plasmon resonance
SERS: Surface-enhanced Raman spectroscopy
PIERS: Photo-induced enhanced Raman spectroscopy
CT: Charge transfer

EM: Electromagnetic

ED: electron density

W: work function

CB: conduction band

VB: Valence band

Er: Fermi level

AEF: Analytical enhancement factor

MS;: Metal sulphide

MB: Methylene blue
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Overview

In this section, we will focus on the use of the exfoliated metals disulphide (MSy;
M=Mo/W) and molybdenum selenide (MoSe.) in the plasmonic sensing field for different

analyte detection at low concentrations.

I. Enhanced Raman spectroscopy (ERS) WS; substrate

The exfoliated WS, nanosheets were coated with gold nanoparticles synthesized with the
Turkish-Frens technique. This nanocomposite is used later for plasmonic sensing. First and
foremost, this Au@WS> nanocomposite is checked with a Raman molecule known as 4-
mercaptobenzoic acid (MBA) to check its efficiency in PIERS and SERS *°.

I.1. Raman discussion of 4-mercaptobenzoic acid (MBA)

Before the ERS study, we performed Raman characterization using a 633nm excitation on
MBA to distinguish its characteristics and Raman modes as illustrated in Figure.lll.1. We
noted two peaks dominating the spectrum at 1098cm™ and 1595cm™ identified for ring
breathing and ring breathing axial deformation modes, respectively. Further to these prior
peaks, various vibrational Raman modes are observed at high and low frequencies region

that are grouped in Table.lll.1.

MBA
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Figure.lll. 1. Raman spectrum of MBA
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Table.l11. 1.Raman modes frequencies and assignments of MBA compared to the SERS/PIERS modes of MBA absorbed on

WS2-AuNPs
Normal Raman modes (cm™) | SERS/PIERS modes (cm™) Assignements
274 Fkokk Au-S
i 420 Out-of-plane mode (Ayg) of
WS;
344 *hKk C-H in-plane dﬁl;ormation, B(C-
Fkkk 522 Ring out-of-plane bending
OCO bending and C-S

632 633 stretching, 5(0-C-0)& v(C- S)

1098 1075 In-plane ring breathing mode

1183 folakelal C—O stretching, v (C- O)

1453 1480 COO- stretching, v(COO-)

1595 1584 Ring brea’ghlng axial
deformation modes

1617 1706 C=0 stretching, v(C=0)

1.2. ERS behaviour of Au-WS; substrate

To check the efficiency of Au-WS; substrate, it was used as ERS platform for the
determination of MBA molecules. Compared with the conventional Raman spectrum of
MBA, a redshift is observed in most of the Raman reporter molecules using the SERS-
Au@WS; substrate. This shift is originated from the binding between Au and the reporter
molecule resulting in polarizability change in agreement with Ma,H. et al “6, 4’. The
obtained SERS spectrum is dominated by two characteristic vibrational Raman modes of
MBA located at 1075cm™ and 1584cm™ with the same assignments described in the

previous section.

Similar to Ma, W. et al investigation, they have observed that the presence of the in-plane
ring breathing (at 1075cm™) is an indication of a certain angle ‘0> between AuNPs surface
and the benzene ring plane *. Moreover, the highest intensity observed in this mode may
be identified that the adsorption of MBA on AuNPs occurs through the S atom. A
characteristic Raman mode of WS; is observed also in the SERS spectrum at 420cm™

assigned for out-of-plane (Ag).

For the PIERS spectrum, on 1584cm, we computed the enhancement factor (AEF) using
equation 1 which is found around 4 compared with SERS (AEFsgrs ~ 2x10° and an

AEFpiers ~ 9x10°)due to the migration of charge from WS, (semiconductor ) to
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nanoparticles (AuNPs), upon the UV irradiation. This prior leads to an extra charge transfer

(CT) and a chemical enhancement *°.

AEF = ISERS,/PIERS/ CSERS/PIERS eq(l)
IRaman/ CRaman
This major parameter identifies the factor of improvement in the Raman signals. Indeed,
Iraman, | sers/PiERS are the intensities of the selected modes in conventional and SERS/PIERS
spectra, respectively. The concentration of the analyte used in Raman and ERS

characterization.

[ IPIERS
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10000 - .
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Figure.ll1. 2. SERS (blue area) and PIERS (grey area) spectra of MBA (10°°M) on Au@WSs2

Intensity (a

5000

Scheme I11.1 depicts an explicative and descriptive sketch of the mechanism that occurred
in the PIERS substrate. Herein, upon the UV-C irradiation, the LSPR of the AuNPs are
bombarded increasing the electromagnetic field and the charge transfer (CT) between the
substrate sensing layer and that between substrate-analyte. This contributes to the

improvement of the Raman signals.

633nm excitation
UV-C nradiation '
R CT
® 60 0 o o 0 0\
EF ————mmmm S P noene—oes EF
: VB
Au ws, 4-MBA

Scheme.ll1. 1.Sketch presenting the phenomena occured upon the UV-C irradiation in PIERS technique
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The pre and post-UV-C extinction spectra were collected at ambient conditions and
presented in Figure.l11.3. In the post-irradiation spectrum (red line), the LSPR is located at
547nm which is redshifted compared with the extinction spectrum of AuNPs (at 520nm),
see Figure. This offset may be an indication of some aggregation happening upon the
adsorption of AuNPs on the WS, surface. Compared with pre and post-spectra, we
observed a blue shift with ~5nm defined to WS,-AuNPs charge transfer (CT) and the
increase of electron density (ED) resulting in the activation of AuNPs. In agreement with
the literature, we can compute the ED variation (AN/N), found to be 1.8%, through the

following equation %°%;

AN _ AL
~ = 25 eq(3)

The A\ is the LSPR peak shift in Au@WS. nanocomposite.
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—— Post-Irradiation
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Figure.lll. 3.Extinction spectra of Au@WS2 composites before (black line) and after (red line) irradiation with

UVC light at room temperature.

According to the literature, the CT between Au-MoS, nanocomposite is obtained with PL
quenching of MoS; *2. Since MoS; and WS; are similar, thus, we propose a similar process
with Au@WS; nanocomposite. Based on the semiconductor theory, we can identify the
contact between metal and semiconductor which can be ohmic or Schottky 3. This type
depends on the sign of the work function of these materials *3. In ohmic contact, electrons
flow from metal to semiconductor i.e. the semiconductor work function is greater than that
of metal 3. In the inverse case, a space with a positive charge is generated in the Schottky

junction and the Schottky barrier is produced blocking the charge transfer between metal
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and semiconductor . With our AuU@WS, nanocomposite, we have an ohmic contact.
According to Alessandri, | et al. work, in this junction the high concentration of the electron
will generate high conductivity >*. Based on the literature, the Fermi level of few layers of
WS is found to be 5.89eV and that of Au is 5.1eV °2, %, The energy difference (0.79eV)
leads to band bending in Au-WS.. As presented in the scheme.ll1.2, upon the irradiation of

the substrate, AUNPs electrons will be excited and flow to the WS, .

(@
Vacuum

Pau
(5.1eV) r\ Pwsz
(5.89eV)

Er s

el === Erwse

WSz

(b)

EF an
————— Erwsz

W52

Scheme.lll. 2.Charge transfer mechanism in Au@WS2 nanoflake. (a) Energy band diagram for Au NPs and WS2
nanosheets showing the relative positions of Fermi levels with respect to the vacuum level. The arrow represents the
transfer of electrons from Au to WS2 after the contact is established. (b) Energy band diagram of Au@WS2 nanoflake
showing band bending after establishing the contact between Au and WS2 %,

Il. Au-MoS; based enhanced Raman spectroscopy (ERS) substrates

1.1 For MBA detection

In this investigation, we used MBA molecule to check the efficiency of this substrate for
ERS applications using Au-MoS; substrate under the same condition used with Au-WS;
nanocomposite. The outcomes of this investigation are depicted in Figure.ll1.3. It is noted
that the normal Raman vibrational modes of this probe analyte were detected with both
SERS/PIERS substrates with a significant improvement in the SERS intensities compared

to that of PIERS.

Two characteristic peaks of MBA dominate both ERS substrate located at 1075cm™ and
1581cm™ named al and b2, respectively (Figure.lll.3). With respect to the previous
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investigation, the observation of the first vibrational Raman mode identify the presence of
a 0 angle between the plasmonic surface and the in-plane breathing ring of MBA as
depicted in Figure 111.3.b.5748 Furthermore, the weak interaction between the gold surface
and the carboxyl portion in MBA is identified by the weak intensity of the vibration mode
observed at 1393cm™“8, In Table.l11.2, we grouped all the observed ERS modes with their

assignments.

The obtained enhancement compared with the conventional Raman findings make SERS-
substrate a good candidate for the detection process at low concentrations. The
enhancement factor computed on 1589cm™ vibrational mode for AuNPs, Au-MoS;, and
Au-WS; substrates are found to be ~4x10°, ~5x10°. ~2x10°, respectively. The fact that the
SERS signals were boosted 2 times compared with the PIERS ones may be introduced to
the electromagnetic enhancement (EM). These results indicate that Au-MoS; works well
with the SERS technique.

Based on the semiconductor theory, we tried to explain the constraint of the PIERS
performance of this substrate based on the work function (W) and the junction type. Indeed,
the created positive space zone will block the charge transfer when W is higher than Wsc.
In the inverse case, the contact nature is ohmic. According to the literature, the Fermi level
of 4L-MoS; and AuNPs is equal to 4.98eV and 5.1 eV 8% respectively. In this
framework, the Au-MoS; junction nature is Schottky since Way is higher than Wwos2
(Scheme.l111.3). According to Mao, Z. et al, the presence of the Schottky junction is

confirmed also through the resulting Fermi energy offset (0.12eV) .

Il S=RS/AUNPS @

20000 4 PIERS/Au@Mos2
SERS/Au@MoS2

Oxygen

Hydroge
15000 ® Carbon
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Raman shift (cm™)

surface

Figure.lll. 4. (a) Room temperature SERS and PIERS spectra of mercaptobenzoic-acid (MBA, 10-5M) on MoS2-AuNPs
substrates using 633nm excitation (b) the absorption angle 6 of MBA on Au(@MoS?2.
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Au@MoS;

Scheme.lll. 3.The occuring charge transfer (CT) between Au nanoparticles (NPs) and MoS2 nanosheets (NS) in the
Au@MoS2 PIERS sensor

Table.l11. 2.Raman frequencies and assignments of normal Raman and SERS/PIERS bands of MBA on Au@MoS2

Normal Raman . 1
Raman frequencies (cm™) Assianments
frequencies (cm™) SERS/PIERS 9

274 Fkkok Au-S

ol 461 Au() M

344 . C-H in-plane deformation,

B(C-H)

iaialioied 519 Ring out-of-plane bending
OCO bending and C-S

632 633 stretching,560-C-0) & vC- S)

1098 1075 Ring breathing mode

1183 1175 C—O stretching, v(C- O)

1453 1393 COO- stretching, v(COO-)

Ring breathing axial
1595 1581 deformation modes

The ERS enhancement is delivered by two mechanisms known as a chemical enhancement
(CM) and electromagnetic enhancement (EM). The contribution of these mechanisms can
be uneven or equal. Indeed, the EM effect is contributed between the substrate and the
analyte where its degree "Pct”, found to be (~0.6), is computed based on the intensity ratio

of al and b1 defined with R in the following equation %

Pcr=R/(R+1) eq(6)
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The analytical enhancement factor (AEF) is determined using equation (1). For the SERS
case, this is a factor is found to be almost 3 times higher than that of PIERS. According to
our knowledge, the EM effect controls the improvement obtained with the SERS substrate.
It is known that the CT contributes more less than the EM effect since in the SERS
technique there is no UV irradiation step. Moreover, the CM is sensitive to the analyte-
substrate distance 2. Furthermore, the interaction between the incident electromagnetic
wave and the plasmonic surface results in the improvement of the electromagnetic field
and in some case lead to the creation of hot spots. Indeed, these active areas have intense
energy occurring when the resonance is achieved i.e. incident wavelength is equal to the
LSPR.

Similar to the Au-WS; PIERS substrate described in the previous section, we have
determined the electron density (ED) %26% As indicated in the Figure.ll11.5, no shift is noted
indicating that there no additional electron gained by the substrate (AN/N=0). This finding
is in agreement with our suggestion that the charge transfer is not occurred on Au-MoS;
PIERS substrate.

0,12

—— Pre-Irradiation
—— Post-Irradiation

0,08
Red-shift in the absorption edge of MoS» after UVC Irradiation

0,06
Both cases shows SPR @ 550 nm,
No shift has observed upne UVC irradiation

0,04

0,02 1 \\

0,00 A

Absorption (a.u.)

T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)
Figure.lll. 5.Pre- and Post-irradiation spectra of Au@MoS2 PIERS chips at room temperature

I1.2.  Folic acid (FA) detection

Besides the electroanalytical test toward FA molecules on the Au-MoS; SPCE electrode,
we checked its efficiency as an SERS substrate at 10*M. Upon the analyte-AuNPs
interaction is crucial, a significant improvement is obtained in the SERS signals, Thus, the
modified AuNPs/SPCE and Au-MoS,/SPCE electrodes were used also as SERS substrate

for the determination of folic acid 3. The outcomes of this test is presented in Figure.lll.6.
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On bare SPCE, no FA characteristic peaks are noted. On MoS2/SPCE, we observed the
SERS effect in addition to two characteristic modes of MoS2 NS named LA(M) (237cm-
1) and 2LA (460cm-1). On Au-MoS,/SPCE, an important and clear SERS enhancement is

observed where Table. 111.3 grouped all the obtained SERS signals of FA. This prior

finding introduces the strong chemisorption FA-AuNPs 29, 35.
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Figure.l11. 6.SERS spectra acquired from FA deposited from a solution 10 M on the investigated electrodes.
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Table.l11. 3.Assignment of SERS vibrational mode

Wavelength (cm-1) Assignment
237 LA(M); MoS2
468 2LA; MoS2
615 p(OH)(pt) IP DEF; p(NH2)(pt) OOP
761 **
817 8 (CNO)p(OH)(CH2)(Glu); v(C —
N)(paba)def
959 p (CH2)(paba)
996 v(C-C) p(CH)(paba)def; p(OH)(pt)def;
1024 ®(CH2)(Glu) + p (NH)(OH)
1052 v(C-C)(paba) ; p(NH2)(CH)(OH)(pt) def;
v(C — CO)(glu)def
1195 (CH2)(Glu)+5(0OH)(pt)
1238 p(NH)(OH)+w(CH2)(Glu); v(CN-NH2)+
v(CC-CN)pt
1574 s(NH,) + v, (C = N)(pt) orvg(C—C) +
p(CH)(paba)

1. Au-MoSe; enhanced Raman spectroscopy (ERS) substrates
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The metal sulphide (MSz) used in the previous investigations are the most studied 2D-
TMDCs materials. Recently, metal selenide gained crucial interest due to its similar

structure and better electronic and electrochemical features compared to MS; 2D materials.
I11.1.  Methylene blue (MB) Raman discussion

Methylene blue (MB) or methylthioninium chloride is a dye molecule commonly used for
ERS study to check the efficiency of substrate, see Figure.lll.7. The conventional Raman
spectrum of this dye molecule is performed using 638nm at room temperature on a gold
film substrate is illustrated in Figure.l11.7.

q'go%v‘? Xw
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Figure.lll. 7. Methylene blue (MB) 3D molecule structure

The characteristic peak of MB is observed at 446cm™ and 449 cm™ identifying skeletal
deformations of C-N-C ®. Moreover, two other fingerprints of MB vibrational modes are
obtained at 1392cm™ and 1623cm™ indicating C-N symmetric stretching and C-C ring
stretching . Table.ll11.4. present all the Raman modes obtained on this substrate with their

assignments.
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Figure.I11. 8.Raman spectrum of MB(10*) on gold film
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Table.l1l. 4.Table regrouping MB(10-4M) Raman mode

Mode frequency (cm™) Assignments
j’jg C-N-C skeletal deformation®®
585 C-S-C skeletal deformation®
659 C-H out-of-plane bending®
;gg C-H in-plane bending ®
1023 Bending in plane (C-H)/ (C-S)
stretching
1179 C-N streatching®®
1154 C-H in-plane bending *
1290 C-H in-plane ring deformation®
1392 C-N symmetric stretching®
1429 In-plane bending N-H-C
attached to methyl group ®
1460 Scissoring CH2/wagging CH2/
C-H in-plane bending ®
1493 C-C asymmetric streatching®
1623 C-C ring stretching®®

I11.2. Au-MoSe; enhanced Raman spectroscopy (ERS) substrates

The efficiency of the prepared AuUNRs-MoSez(5Krpm) substrate is checked using MB (10
“M). The SERS and PIERS spectra are illustrated in Figure. Using both ERS substrates, we
noted the characteristics of MB Raman modes that were strongly enhanced on the PIERS-
Au@MoSe; substrate compared to that of SERS. This enhancement may be introduced to
the pre-irradiation of the substrate that affects the charge transfer between the substrate and
the analyte as well as the semiconductor and the noble metals. On the other hand, the pre-
irradiation step in PIERS can be considered as a factor that improves the electron

bombardment on the Au nanorods surface thus increase of the electromagnetic field.

Using this substrate, we observed almost all the characteristic vibrational modes of MB
with a strong improvement especially with the PIERS substrate compared with SERS.
Indeed, the major vibrational mode of MB is 47 times significantly enhanced compared to
that of Raman and 3 times to that of SERS. Moreover, it is noted that the intensity of MB
vibrational modes either medium, high or weak in the Raman spectrum was strongly
enhanced. This crucial boost is due to the UV irradiation onto the substrate improving the
charge transfer between the sensing layer and consequently the charge transfer between the

analyte molecules and the surface. Furthermore, this intensity change can be introduced to
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the probe molecules-surface substrate interaction that is sensitive to different facts. The
first one is the adsorption sites present on the surface substrate, the orientation of the
adsorption, and the PIERS rules related to the adsorbed vibrational mode of the probe

molecules on the substrate surface &, ¢,

The enhancement factor is calculated on different prominent vibrational Raman modes of
MB, see Table.lll.5. The overall PIERS enhancement factor was found to be and compared
to x33 and *4 SERS and normal Raman.

1600 - 4
—— PIERS MB(10"M) on AuNRs@MoSe,(5Krpm) 1623

Raman MB(10™'M) on gold film
—— SERS MB(104M) on AuNRs@MoSe (5Krpm)
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Figure.111.9. MB normal Raman (black line) on gold film substrate, SERS (blue line) and PIERS (red line) spectra on
AUNRs@MoSe2(5Krpm)

Table.lll. 5.SERS/PIERS enhancement factor of the main vibrational modes

Mode frequency (cm™) | EFsgrs compared to EFpiers cOMpared to
Raman Raman
446 5 x18
773 4 x23
1154 4 x32
1179 4 x40
1392 4 41
1623 3 47

It is important to understand the mechanism beyond the PIERS enhancement on the Au-
MoSe; substrate. Indeed, two types of improvement are suggested; electromagnetic (EM)
and charge transfer (CT) . Since the PIERS tool is characterized by UV- irradiation, the
charge transfer between the sensing layer/molecules is beyond the PIERS enhancement.
Herein, two charge transfers (CT) occur; the first one is between the semiconductor and

metal. The second one is between the sensing layer and the probe molecules.
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Based on our knowledge and previous investigations, we will try to explain the mechanism
beyond the PIERS enhancement on the AuNRs-MoSe, substrate. Indeed, the charge
transfer is accomplished upon the UV irradiation between AuNRs and MoSe». Usually,
after this irradiation, the alignment of the fermi level will occurred following the
semiconductor theory. In our case, the fermi level of both AuNRs and MoSe; are already
aligned since their work functions are equal to 5.1eV %0, Herein, a great CT occurred.
When the MB molecule, the sensing layers are noble metal (AuNRds) and a semiconductor
(MoSe) are in contact, a charge redistribution is achieved "*. Since the energy offset
between CB of MoSe; (~ 0.22) and LUMO energy level of MB (2.99eV) is lower than the
irradiation photon energy (4.5eV), the transfer of the excited electrons is achieved.
Therefore, the charge transfer mechanism in the AUNRs-MoSe2-MB system is noted ', see

the scheme. I11.5.

4.5eV eeee

CB (0.22¢V)

S o LRSS S

5.1eV
VB {1.19V)
AuNRs
HOMO (4.08eV)

MoSe2
MB

Scheme.lll. 4.Schematic scheme presenting the proposed mechanism beyond the PIERS enhancement on AuNRs-MoSe2-
MB system

In addition to the fact that MB is used as a dye molecule to check the efficiency of the
substrate, it is crucial to determine this analyte due to its drawbacks to human health and

in aquaculture Xu et al., 2012. According to the literature, vomiting, shock, and tissue

necrosis are some of the health effects resulting from exposure to MB 273, No clear

regulation identifying the banning of MB in aquaculture worldwide except in Japan and

the USA. Therefore, it is prominent to promote the rapid detector of this organic compound

for food quality control. From the findings above, we note that our ERS substrate shows a

promising performance toward MB determination.

To sum up, 2D materials have shown promising behaviour to develop electrochemical and
plasmonic sensors for the determination of different analytes. This fact is due to their high

carrier mobility and the indirect-to-direct crossover...
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General Conclusion

The main goal of this thesis is the development of electrochemical and plasmonic sensors
based on two-dimensional (2D) materials for the determination of various analytes. Indeed,
these materials have gained tremendous attention worldwide owing to their fascinating
electronic, mechanical, chemical, and thermal features. Therefore, a wide potential of
applications is noted based on 2D materials or 2D-materials nanocomposite, recently. The
most important is the sensing field since it is crucial in our daily and practical use.

In this work, we aimed the development of low-cost, real-time, sensitive, and selective
electrochemical and plasmonic sensors. To accomplish this goal, we have used
nanocomposite based on 2D- transition metal dichalcogenides (TMDCs) for the
determination of various analytes. Indeed, we have successfully exfoliated MX, (MoSo,
WS;, and MoSez) nanosheets using a top-down technique named liquid phase exfoliation
(LPE) with a number of layers ranging from 3-10. This parameter is determined by both
Raman and UV-Vis data. On the other hand, we have synthesized different nanocomposites
based on MX; modified with gold nanoparticles (AuNPs) or graphene oxide (GO).

For the developed electrochemical sensors, we have used a low-cost device known as a
screen-printed carbon electrode (SPCE). In order to improve its sensitivity and selectivity,
we have used both pure MX> nanosheets and MX, nanocomposite (Au-MoS,, Au-MoSe;,
and GO-WS) to modify the working electrode surface of SPCE for the determination of

several analytes in different fields; medicine and agriculture.

Regarding the medicine field, a promising sensing mechanism toward the folic acid (FA)
on Au-MoS: is observed. In this prior, a decrease in the oxidation current peak is noted
instead of increasing the current peak when increasing the concentration of FA. This fact
is due to the strong adsorption of FA on the surface of AuNPs leading to the decrease of
active sites number. Still, in the same field, we have used a neurotransmitter named
dopamine (DA) which is important for human health. Using this prior, we have studied the
electroanalytical performance of different MX2 where we find that MoSe. shows better
behaviour compared to that of MoS2 and WS,. Later, we studied the effect of the number
of layers on the electrochemical behaviour for the determination of DA. In this study, we
noted that decreasing the layers number results in the improvement of conductivity and
electroanalytical performance. Moreover, the sensitivity is significantly enhanced with Au-

MoSe2 nanocomposite.
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General Conclusion

For the agriculture field, WS, nanosheets were used as pure modifiers toward the
determination of thiram fungicide at low concentrations showing good performance.
However, better performance is noted on GO-WS; nanocomposite due to the addition of
GO improving the conductivity of the sensing layer.

Using the ERS techniques, we have checked the efficiency of several substrates. Indeed,
the Au-MoS; performance was checked using MBA reporter molecules and then used for
the determination of FA at 10*M. Moreover, we used Au-WS2 nanocomposite for the
determination of MBA using PIERS and SERS. Herein, we have noted that both tools work
well with this substrate. However, the PIERS performance is better than that of SERS with
a PIERS enhancement factor (EF) 4 times compared to that of SERS. This fact is due to

the charge transfer between metal and semiconductor during the pre-irradiation step.

Using the MoSe, nanosheets, an ERS substrate is created with gold nanorods (AuNRS).
This substrate was first tested with a dye molecule known as methylene blue (MB) at 10"
3M. an outstanding enhancement in the Raman signals is observed using the PIERS
technique. The mechanism beyond this improvement is fascinating charge transfer between

the noble metal and the semiconductor.

From these findings, the MX> nanosheets can be used either as electrochemical or
plasmonic sensors. The nanocomposite made of noble metals and the MX2 nanosheets
illustrates promising sensing mechanisms and better performance. These facts can be
introduced to the crucial charge transfer between the sensing layers. This work is only the

beginning of a promising and crucial work for medicine and environmental applications.
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