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Abstract

Electrochemical sensors and biosensors are self-contained integrated devices that enable to
get quantitative information on the concentration of biomolecules of interest in real time,
with high sensitivity. Advance in electrochemical sensing technology is beneficial for several
applications, from detection of pollutants in environmental matrices to point-of-care testing
and clinical analysis, to food safety. Electrochemical sensors have been greatly fostered by
the development of new electrocatalytic materials and nanostructured electrodes.
Electroactive nanomaterials, like carbon nanotubes, metal nanoparticles, graphene and
other 2D materials, can boost performances of electrochemical sensors, by enhancing the
total contact surface area, improving charge transfer and catalyzing redox processes

involved in the sensing mechanism.

The objective of this thesis is to develop novel 1D and 2D nanomaterials and nanocomposites
to implement in electrochemical sensing platforms for biomolecules of interest, as
electrocatalysts. The properties of the used nanomaterials have been tuned by different
approaches, involving functionalization of their surface, phase engineering and optimization
of synthetic strategies, to improve their performance in terms of electrocatalytic activity,

sensitivity, selectivity and conductivity.

Specifically, the first chapter will focus on the modification of Multiwalled Carbon Nanotubes
(MWCNTSs) with gold nanoparticles (AuNPs) from metal vapor synthesis (MVS) for the
detection of monoamine neurotransmitters like dopamine and serotonin. The obtained
nanocomposite (MWCNT-S-Au) was then implemented in a sensor based on screen-printed
carbon electrodes (SPCE) for sensing of serotonin in complex biological matrices and in an
indium tin oxide (ITO) electrode for in situ real-time detection of neurotransmitters in

neuronal cultures.

The second chapter revolves around phase engineering and functionalization of
molybdenum disulfide (MoS:z) for detection of hydrogen peroxide (H202). In this case,
attention was focused on the influence of different crystalline phases on the electrocatalytic
properties of the material and the design of a functionalization strategy based on non-

covalent interactions with alkylammonium salts.

Finally, the third chapter describes a study on the exfoliation of graphene in Cyrene, a green

alternative to commonly used DMF and NMP. In this study, we observed the effect of



experimental and instrumental parameter for ultrasound assisted exfoliation of graphene

from graphite, to find optimal conditions for exfoliation of few-layers graphene nanosheets.



Chapter 1

Introduction

1.1 The Necessity for New Sensing Platforms and the Advent of

Nanostructured Sensors
Research and innovation in sensing and nanomaterial science have a huge impact on several
aspects of human life. For instance, technologies for point-of-care testing (POCT) and self-
diagnosing are pivotal for the development of modern society. The demographic growth and
the occurrence of globally diffused diseases impose the necessity for faster and more
efficient diagnostic tools that can be used without expensive equipment or specialized
personnel.” Implementation of nanomaterials has greatly fostered self-diagnosis
technologies. A renown example are colorimetric immunosensors based on gold
nanoparticles widely used for pregnancy tests or antigen immunoassays for viral
infections.8? During COVID-19 pandemic, these tools have proven extremely important in
the overall control of infection, allowing quick domiciliary self-monitoring. Moreover, the
low cost of these technologies enables mass production and wide distribution of these
sensors, which can be used without specific equipment, thus extending basic healthcare to

larger portions of the population.10

Environmental analysis for detection of pollutants derived from anthropic activity is another
huge problem that human society is facing, which benefits from the flourishing research
activity on sensing technologies. The contamination of various natural matrices with
contaminants constitutes a serious threat that human society has to face,11-12 and monitoring
technologies is a fundamental tool to control the impact of human activity over

environment.13-15

Finally, sensors find application in industrial applications for monitoring of toxic volatile

compounds!®17 and quality control.18



1.2 Definition of Sensor and Classification

Following the official definition provided by IUPAC,1° a chemical sensor is “a device that
converts chemical data, ranging from the concentration of a single sample component to
complete composition analysis, into an analytically usable signal”. Two are the main
components of a sensor: a receptor, which transforms the chemical information of interest
into a form of energy, through a specific interaction, and the transducer, which
measures/transforms the energy carrying the chemical information into a useful analytical

signal.

The functioning principle of the sensor may be physical, if no chemical reaction takes place,
as in measurements of absorbance, temperature or conductivity. Chemical sensors base their
recognition ability on selective chemical interactions between the receptor the analyte.
Among chemical receptors, biochemical receptors are those specifically related to

biochemical processes, like enzymatic reactions or immune-targeting.

Chemical sensors are categorized based on the transducing mechanism and the type of
signal: in optical sensors, the interaction between analyte and receptor produces changes in
optical phenomena like variation of absorbance or quenching of fluorescence. Electrical
sensors base their analytical response on the change of electrical properties (conductivity,
permittivity, charge carrier density) of the transducer. These sensors are not to be mistaken
with electrochemical sensors, as the phenomena leading to the recognition event do not

involve redox processes.

Electrochemical sensors transform the effect of electrochemical reaction (i.e. the charge
transfer and variation of oxidation state of species at the electrode interface) into a useful
signal. They comprehend different subgroups, depending on the used electrochemical
technique: voltammetric sensors include devices based on voltammetric techniques (cyclic
voltammetry, linear sweep voltammetry, differential pulse voltammetry, square wave
voltammetry), in which current is measured upon application of scanning, and
amperometric sensors, in which current is measured upon application of constant potential.
In potentiometric sensors, potential between the working electrode and the reference

electrode is measured.

Electrochemical sensors constitute a powerful tool to face modern challenges posed to our

society, thanks to their low cost, high sensitivity and accuracy, versatility and rapid response.

10



In the last 60 years, the advance in equipment miniaturization has greatly fostered
electrochemical technology, allowing electrochemistry to get out of the laboratories in the
form of portable devices.2021 Before 1990s, electrochemistry was confined to laboratory
setups, due to bulky instrumentation and large volumes of sample required. Miniaturization
of the electrodes and the advent of novel manufacturing techniques like screen-printing
allowed for electroanalysis to get out of the chemistry lab and reach common users, in the
form of compact analytical systems.?2 In the early 2000s, the implementation of
nanomaterials like carbon nanotubes?? and graphene?# in the design of functional sensors
furtherly fostered the field of electrochemical portable analysis, allowing for better
performances and fabrication of flexible compact designs. This rapid evolution of
electrochemistry stimulated the research and development of nanostructured
electrochemical sensors and biosensors for various applications: in environmental analysis
for detection of pesticides'425, antibiotic and drug residues!>2¢ and heavy metals;1327 in
industrial processes for real-time monitoring of gases?® and food contaminations;!8 in
healthcare for detection of biomolecules of interest like neurotransmitters,2® and for

immunosensors.30.31

11



1.3 Nanomaterials and their Classification

Nanomaterials differ from their bulk counterparts in that they have at least one dimension
in the range of 1 to 100 nm. While size and shape have little effect on bulk material's physical
or chemical characteristics, they are crucial in influencing a material's behavior at the
nanoscale. Nanomaterials' exceptionally high surface-to-volume ratio increases the
probability of interaction with other materials, chemical species, and biological interfaces.
Simultaneously, their electronic structures undergo noteworthy changes due to the quantum
confinement effect, which arises when particles are too tiny to be compared with the
wavelength of excitons. As a result, nanomaterials exhibit exotic behaviors, including
improved catalytic performances, particular interactions with biological surfaces and cells,

as well as special optical and electrical qualities.

Based on their dimensions, nanomaterials can be divided in three categories: 0D, 1D and 2D
nanomaterials. 0D nanomaterials are spherical or quasi-spherical materials with all
dimensions in the range of few nanometers. Typical examples of 0D nanomaterials are metal
nanoparticles (MNPs), metal oxide nanoparticles (MONPs), metal nanoclusters (MNCs),

inorganic quantum dots (QDs), carbon dots (CDs) and fullerenes (Ce0).32

1D nanomaterials possess a high length-to-diameter ratio, which influences their electrical,
chemical, optical and mechanical properties.32 Metal nanowires (MNWs), metal nanorods
(MNRs), carbon nanofibers (CNFs), carbon nanotubes (CNTs) and carbon nanohorns (CNHs)
belong to this category. CNTs are one of the most studied materials of this class, thanks to

their peculiar electronic properties33 and outstanding mechanical strength.3435

Nanomaterials that possess one dimension much smaller than the other two are defined as
2D nanomaterials. This group comprises many materials that share the structural
arrangement of atomically thin planar layers stacked on top of each other. Strong covalent
bonds bind the atoms of each layer, while the interlayer interactions are weaker van der
Waals forces. Graphene is considered the archetype of this category,3¢ which includes as well
transition metal dichalcogenides (TMDs),37 hexagonal boron nitride (HBN), black
phosphorus (BP), carbon nitride (CN) and MXenes.38

Three-dimensional nanomaterials are also mentioned in literature, as materials that exceed
the nanometer range in any dimension, but are made up of individual blocks in the
nanoscale.”3 This definition appears to be inconsistent with the primary definition of

nanomaterial, which stipulates that a nanomaterial must have size in the nanometric scale
12



for at least one of its three dimensions. A better definition for this class of materials is bulk
nanostructured materials#? and describes bulk solids with nanoscale or partly nanoscale
microstructures. Zeolites,#1 metal organic frameworks (MOFs),42 three-dimensional
covalent organic frameworks (COFs),4344 fullerites,*> porous carbon black (CB),4647

hierarchically self-entangled carbon nanotubes networks*8 belong to this family of materials.

oD 1D 2D Nanostructured
nanomaterials nanomaterials nanomaterials bulk materials

Carbon-based @ “
Carbon dots Carbon nanotubes Graphene Covalent Organic
(CNDs) (CNTs) Frameworks
(COFs)
¥
-;}
% #g; #
Inorganic ¥ %% -
XK
-Q
¥ -
Metal Oxide and Metal Nanowires Molybdenum Disulfide Zeolites
Metal Nanoparticles (MNWs) (MoS,)

(MONPs and MNPs)

Figure 1 Examples of carbon-based and inorganic materials classified by dimension.

This classification is based only on dimensions, thus each class is extremely heterogeneous
in the type of properties it displays, and can be considered as a rich toolbox in the design of
highly sensitive devices. In electrochemical sensors, nanomaterials and nanocomposites
fulfil different functions, typically concurring in enhancing or transducing specific biological
processes into a signal appropriate for determining an analyte concentration.#® The role of a
nanomaterial in the electrochemical device depends on its specific properties, in terms of

conductivity, reactivity, shape and morphology.

Discussion will now focus on nanomaterials that have been used in this thesis, giving a

detour on their synthesis, functionalization and peculiar properties.

13



1.3.1 Carbon Nanomaterials

Since the discovery of fullerenes in 1985,50 there has been a significant amount of study
focused on carbon nanomaterials. The discovery of these unusual "soccer ball" shaped
nanoparticles fueled the field of nanomaterials research, in a time in which only known
allotropes of carbon were diamonds and graphite. After the isolation of CNTs by Ijiima in
1991,5 the interest in these materials has continuously grown, and they quickly rose to the
top of the list of nanomaterials utilized for energy storage, photovoltaic, sensing, and even
X-ray sources. Ultimately, Novoselov and Geim's isolation of graphene in 2004 transformed
the field of nanoscience once more and ushered in the era of two-dimensional

nanomaterials.52

It is simple to understand why these nanomaterials are so successful and why there is so
much research revolving around them: their physical and chemical characteristics allow
them to compete with inorganic nanoparticles in a wide range of applications, but with a
significantly lower cost of production and environmental impact. From a single element,
carbon, it is possible to synthesize all classes of materials: zero-dimensional (i.e. Fullerenes
and CDs), one-dimensional (i.e. CNTs, CNFs), two-dimensional (i.e. Graphene, Graphyne) and
nanostructured bulk materials (i.e. CB). Furthermore, by tuning their dimensions, spatial
organization, and organic chemistry functionalization, it is possible to modify their

reactivity, mechanical and electrical properties, and biocompatibility.

1.3.2 Carbon Nanotubes

CNTs are seamless, open- or closed-ended cylinders made of one or more layers of sp?
carbon (named respectively single-wall, or SWCNT, or multiwall, or MWCNT). The structure
of ideal CNTs consists of a hexagonal lattice except at their ends, but typically, mass-
produced CNTs are characterized by structural defects, like pentagons, heptagons, and other
imperfections in the sidewalls. The diameters of SWCNTs and MWCNTs are typically 0.8 to
2 nm and 5 to 20 nm, respectively, although MWCNT diameters can exceed 100 nm. CNT
lengths go from less than 100 nm to several centimeters, bridging molecular and

macroscopic scales.53

Arc discharge, laser ablation, and chemical vapor deposition (CVD) are the three primary

synthetic processes used to produce CNTs. All three methods use a source of carbon atoms

14



that is vaporized and then condensed on a metal catalyst at high temperatures, where

growth of CNTs takes place.

Historically, arc discharge was the first method used to synthesize and isolate CNTs: this
technique was already used to produce Ceo fullerene, when in 1991 lijima used it to
synthesize and isolate the first known CNTs, with diameters ranging from 2 to 50 nm.>* The
arc discharge is generated between two graphite electrodes, producing extremely high
temperatures (up to 6000°C) causing graphite from the anode to sublimate. In low Ar or He
pressure, sublimated carbon deposits on the cathode (in the presence of Fe, Ni or Co as

catalysts), leading to growth of CNTs.

In the laser ablation method, the sublimation of graphite is laser-induced, in a heated furnace
(2700-3200°C) under He or Ar atmosphere. A flux of gas delivers sublimated carbon to a
cooled catalytic surface (usually Fe, Ni or Co), where the growth of CNTs takes place.>> This
technique provides more control over the final quality of CNTs, as the modulation of the
temperature of the furnace>¢ and of the cooled catalytic collector5? allows control over the

size and amount of the of defects of CNTs.

On an industrial scale, high temperatures involved in arc discharge and laser ablation
methods can be problematic; moreover, these methods suffer from low yields that are not
compatible with large-scale production.>® CVD is the technique of choice for industrial-grade
production of nanotubes, thanks to more practical and less expensive setup and lower
operative temperatures. Typically, a carbon precursor (acetylene, ethylene, methane, etc.) is
injected in the reactor and carried by an inert gas toward a thin layer of silica decorated with
MNPs that serve as catalysts for the growth of CNTs. The operational temperature usually
goes from 600 to 1200°C.>? A variation of CVD that is commonly used is plasma-enhanced
CVD (PECVD), in which working temperatures are even lower, and a plasma of carbon

precursor and carrier gas is generated.5860

The diameter, length, and structure of CNTs have a significant impact on their chemical,
physical, and electrical characteristics. To better understand their structural organization, it
is useful to imagine CNTs as folded graphene sheets (Figure 2a): the width of the initial
graphene sheet determines the diameter and the number of layers of graphene (single-layer

or few-layer) determines if the final CNT is a SWCNT or MWCNT.

The direction along which the graphene is folded is defined as chiral vector (Figure 2b), and

is expressed as:
15



C = na; + ma, (Equation 1)

Where a; and a, are the two vectorial components of ¢ along x and y, n and m are integers.
The outcome of the wrapping can be a zig-zag CNT (m =i, n =0, with i = 1, 2, 3), an armchair

CNT(m=i,n=1i,withi=1,2,3)orachiral CONT (m=i,n=j,withi#j=1,2,3).

X

\.\:\;\\\}"; \‘.‘\’:\\'\\
AN
PN

Zigzag (n,0) Armchair (n,n)

I chiral (n,m)

Figure 2 a) Folding of single-layer graphene; b) chiral vector of CNT.

In SWCNTs, the values of the parameters n and m are associated with the electronic
properties of the material. For values of m-n = 3i (i = 1, 2, 3), SWCNTSs present a metallic
behavior, with high conductivity, up to 2 x 107 S m-1, comparable with values previously
reported for MNPs.33 For values of m-n = 3i £+ 1 (i = 1, 2, 3), SWCNTs behave as
semiconductors.tl Separation of SWCNTs with different chirality is one main topic in
nanomaterials science,®263 as efficient sorting of SWCNTs by chirality will allow to fully

exploit the potential of this material in future electronics®* and biotechnologies.>

On the other hand, MWCNTSs, being composed of different concentrical SWCNTs, exhibit
properties that lie in between the two cases, with a maximum electrical conductivity of 2 x

105 S cm-1.66

As already mentioned, organic chemistry can be used to modify the surface of CNTs,

introducing task-specific functional groups. Surface modification increases the applicability

16



of CNTs exponentially, introducing control over solubility,67.¢8 aggregation,®® dispersibility
in polymeric matrices,’%71 selective interaction with chemical species’? and biological

interfaces.”’3.74

Functionalization can proceed through covalent organic functionalization or supramolecular
approach. The first provides a more stable functionalization of CNTs, but introduces defects
and changes their structure, potentially compromising their electrical characteristics.”> On
the other hand, supramolecular functionalization is weaker and more labile, over time and
at high temperatures, but does not modify the CNT lattice, maintaining its electronic

properties intact.”6.77

Oxidation, fluorination, cycloadditions and direct arylation with aryl diazonium are
examples of covalent methods (Figure 3). Oxidation is one of the simplest methods for
altering and modifying CNTs. This method was first described in 1993 by Ajayan et al.,”8 who
employed Pb304 at high temperatures to oxidize CNTs only at the level of the caps, opening
their ends. Oxidation is a helpful method to improve the solubility of CNTs and to introduce
oxygenated moieties as precursors for additional modifications. Using different oxidative
agents and different experimental conditions it is possible to modulate the degree of
oxidation: for example, by treating CNTs with concentrated HC], it is possible to open the
caps of CNTs and remove metal impurities from synthesis, without damaging the CNT
structure, as HCI has not enough oxidative power to attack sp? carbon.’?80 Mixtures of
NH4/H202 can be employed as weak oxidants that attack only defective sites without
compromising the sp? carbon lattice, while stronger oxidants like HNO3 or HNO3/H2S04
mixtures can oxidize also the walls of CNTs.81 Oxidation of CNTs leads to formation of
carboxylate groups on the surface that can subsequently be used for further derivatizations,

through activation with thionyl chloride,82 amidation,83 esterification.84

17
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Figure 3 Covalent approaches for functionalization of CNTs.

Fluorination is another method that can serve as a propaedeutic step to introduce
functionalizations on the sidewalls of CNTs, as the introduction of fluorine atoms greatly
increases their reactivity. Fluorination is carried out by treating CNTs with F2 gas at
temperatures between 150 and 400°C8> and subsequent sidewall alkylation is feasible, using

organolithium, Grignard or metal alkoxide reagent.”>

Cycloadditions are a versatile strategy to functionalize CNTs with multiple moieties. X. Lu et
al. already predicted the possibility of using the Diels-Alder reaction to functionalize the

sidewall of CNTs in 2002, with CNTs acting as dienophile.8687 Later ]J. Delgado et al. were
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among the first to demonstrate the viability of this reaction for functionalization of CNT
sidewalls.88 However, Diels-Alder presents a major drawback that is reversibility due to the
low thermodynamic stability of the formed adduct.®® 1,3-dipolar cycloadditions of
azomethine ylides (Prato reaction) represent a more suitable option for the controlled
functionalization of CNTs.?® The azomethine ylide is generated in situ by thermal
condensation of an aldehyde and an a-amino acid, and subsequently attacks the sidewall of
CNT, forming a pyrrolidine ring fused on the C-C bonds. By opportunely selecting the side

chain of the amino acid, it is possible to obtain a vast library of functionalized CNTs.°!

The chemistry of diazonium salts represents one of the most valuable and well-studied tools
for functionalization of CNTs. The group of James M. Tour pioneered this approach in 2001,%2
proposing a simple and efficient method to functionalize CNTs with a high degree of
functionalization, based on electrochemical reduction of various aryl diazonium
tetrafluoroborates. The reaction mechanism involves the decomposition of the diazonium
salt, with formation of the corresponding aryl radical and a molecule of N2. The free radicals
proceed then to attack the surface of CNTs. Diazonium salts can be previously synthesized?3-
% or generated in situ,78 and their decomposition can be induced electrochemically,?293
thermally®7-100 or triggered by acids.190 As a consequence, this approach emerges as
extremely versatile for many different applications. One main drawback is related to safety
issues, as most diazonium salts are extremely reactive and even explosive.?> This problem
can be addressed by choice of suitable counter anions, like tetrafluoroborate, which enhance
stability of the salts.101 The second issue with diazonium chemistry is the poor control and
the tendency to polymerization;192 however, this phenomenon can be limited by opportune
control of experimental conditions and diazonium concentration® or tuning of the molecular

structure.103,104

Several other covalent approaches can be found in literature, as research on derivatization
and manipulation of CNTs benefits from decades of study in the nanoscience community.
Some examples are the addition of carbenes and nitrenes, nucleophilic additions, and

electrophilic additions.”>

Non-covalent functionalization typically relies on weak supramolecular interactions like -
1t stacking between the surface of CNTs and polycyclic aromatic compounds like pyrene105.106
and porphyrins,107.108 or on hydrophobic interactions with surfactants like sodium dodecyl

sulfate.109110 This strategy is recommended when preserving the electrical and optical
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properties of CNTs is crucial for specific applications, like field effect transistors.111 The non-
covalent functionalization can be less stable when compared to covalent one, as the weak
interactions between CNTs and the adsorbed species can be easily broken upon washing,

filtration and dialysis.112

The same supramolecular interactions can be employed to promote polymer adsorption on
the surface of CNTs. This will cause the polymeric network to wrap around the sidewalls of
CNTs.113 The multi-point enthalpy-driven interactions between CNTs and the polymeric
network greatly enhance the stability of functionalization allowing for its resistance to
washing processes.114 The array of eligible polymers for CNT wrapping is extremely vast and
their selection depends on the final application of the functionalized material: for example,
polymers with extended m-conjugated have strong affinity for the polyolefinic surface of
CNTs, and have been used for sorting of CNT of different chirality!1> and composites of
aromatic polymers like poly(3-alkylthiophenes) and CNTs proved extremely interesting for
photovoltaic applications.11¢ Biopolymers like proteins!l” and DNA112 have been widely
explored as wrapping agents for CNTs, to increase dispersibility in water, enhance

biocompatibility!18 and to modulate selective interactions with target molecules.119

Finally, an interesting strategy that reunites covalent and non-covalent approaches is based
on the use of mechanical bonds between CNTs and organic macrocyclic rings.120.121 Similarly
to CNT wrapping, SWCNTs are encapsulated in organic macrocycles that interact with their
sidewalls through weak supramolecular interactions (typically m-1), resulting in a rotaxane-
like structure.122 Typically, thin SWCNTs (diameter <1 nm) are first functionalized non-
covalently with “nano-horseshoe” precursors of the macrocycle, and subsequently clipping
is carried out to close the macrocycle around the tube.121 This approach boasts advantage of
leaving intact the surface and electronic properties of CNTs, typical of non-covalent
functionalization, but at the same time benefits of greater stability, thanks to covalent bonds

that hold together the structure of the macrocycle.120
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Figure 4 Non-covalent approaches for functionalization of CNTs: a) functionalization by
single molecule adsorption; b) CNT wrapping with polymers; c) mechanically interlocked

CNTs.

The possibility of finely tuning properties of CNTs, by modulating their dimensions and
chirality, and the wide range of functionalization strategies that have been developed to
modify their surface chemistry, makes CNT extremely versatile for a many applications. Due
to their excellent electric conductivity and the possibility of introducing specific receptors
on their surface, CNTs emerge as optimal transducers for electrochemical sensors in sensing

technology.

Taking advantage of their high electroactive area, CNTs can be used to create tags for radio
frequency identification (RFID) or CNT-based Field Effect Transistors (CNT-FET), which
detect hazardous gases like NOz and NH3 123124 or CO2,125 based on the change in conductivity
of CNTs upon adsorption of the analytes. Additionally, bare CNTs are ideal candidates for the
electrochemical stripping examination of metal ions. Their high surface area makes them
ideal for the adsorption of the analyte, allowing pre-concentration of metallic species at the

electrode surface and increasing sensitivity.126

Selectivity can be implemented in CNT-based sensors after they have been properly

functionalized. For instance, D. Fu et al. were able to distinguish CO from other gases
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including NO and NO:z by functionalizing the surface of CNTs with carboxylic moieties.12”
Bioreceptors, like enzymes or aptamers, can be immobilized on the surface, by both covalent
and non-covalent approaches.1?28129 For example, Li et al. immobilized glucose oxidase on
CNTs to design an amperometric sensor for detection of glucose.13? Briefly, through an
oxidation-amidation functionalization pathway, they introduced primary amines on the
surface of MWCNTs, which reacted with aldehyde from the enzyme forming imine groups. In
another work, Zhan et al. reported an amperometric sensor for H202 based on myoglobin
immobilized on MWCNTSs.131 In this case, a non-covalent approach based on hydrophobic
interactions, hydrogen bonding and electrostatic interactions was used to functionalize
MWCNTs with a polymer (P(MMA-co-AAM)) and myoglobin was dispersed in the polymeric

matrix.

A possible disadvantage of free CNTs can be their toxicology, although more research is still
needed on this matter. Depending on their size, carbon nanotubes could be toxic and cause
asbestosis if breathed in. However, not all CNTs are systematically harmful, and toxicity is
frequently associated with metallic impurities that are produced during the CNT

manufacturing process rather than the CNTs themselves.

1.3.3 Graphene

With good reason, the discovery and isolation of graphene is regarded as a turning point in
the advancement of nanotechnology and nanoscience. This material is one of the most
promising choices for the development of nanoelectronics in the future because of its
chemical and physical features.?4#132133 Graphene is a 2D nanomaterial made of a single
atomic layer of graphite, which was isolated in 2004 by Nobel Prize awarded Andrej Gejm
and Konstantin Novosélov. It is the thinnest material to exist, one of the strongest known
and it outcompetes highly conductive metals like copper, in terms of sustained current

density.36

In first instance, graphene was isolated from naturally occurring graphite, by mechanical
exfoliation.>2 This method yields the highest quality graphene, but is not scalable on an
industrial scale. As previously seen for CNTs, CVD has become the technique of choice for
production of high-quality supported graphene on an industrial scale.134-136 On the other
hand, colloidal suspensions of graphene nanosheets and nanoplatelets can be obtained by
liquid phase exfoliation (LPE), which is the most convenient synthetic strategy in terms of
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cost efficiency, at expense of final graphene quality.13” LPE can proceed by different
pathways that have in common the aim of breaking the weak interlayer interactions that
hold together graphite crystals. In chemical LPE, strong oxidants are used to oxidize graphite
to graphite oxide, disrupting its ordered structure to allow layers separation during a
sonication step.138 The obtained graphene oxide (GO) can be applied as it is or reduced to
recover original properties of graphene, however the characteristics of reduced graphene

oxide (rGO) never match those of pristine graphene.137.139

LPE can be carried out without the use of oxidants, as demonstrated by the Hernandez et al.
in a 2008 research article that constitutes a fundamental milestone in the field.137 In their
work they demonstrate that suitable solvents like N-Methylpyrrolidone (NMP), N,N-
Dimethylformamide (DMF), y-butyrolactone and 1,3-dimethyl-2-imidazolinidone can favor
exfoliation of graphene from graphite without the aid of surfactants or oxidants, thanks to
their strong interaction with the surface of graphitic layers. The obtained graphene
presented low number of defects on the surface, clearly demonstrating superior quality

compared to the chemical approach.

The use of surfactants can improve the efficiency of LPE, increasing yield and colloidal
stability.140.141 Typically, surfactants used to favor LPE of graphene have an aromatic part
that can interact via m-Tt interactions with the sp? surface of graphitic layers and a charged
part that causes repulsion between layers, facilitating their separation.142143 The downside
of using surfactants is their difficult removal from surface of graphene, as they would
passivate and negatively affect graphene performances.14? However, the strong interaction
between the dispersant and graphene can be exploited to perform exfoliation and non-
covalent functionalization in one step. For example, Shin et al. demonstrated that, by
opportunely functionalizing pyrene derivatives used as dispersants, it is possible to tune

stability of the obtained dispersion and modulate its biocompatibility.140

When compared to mechanically exfoliated or CVD graphene, both exfoliated graphene (EG)
and rGO exhibit lower electronic qualities due to their numerous defects, limited extension,
and few layers rather than a single sheet of carbon atoms. The final application determines
whether to use EG, rGO, or CVD graphene: for some applications, such as field effect
transistors (G-FET), CVD graphene is necessary to preserve electronic properties like the
Dirac-like linear dispersion relation of its energy momentum, which allows for the extremely

high charge transfer of the delocalized electrons.144145 LPE allows easy and scalable
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production of liquid-processable colloidal graphene, which can be implemented in the

design of conductive inks for printable devices.146

Furthermore, because of their defective nature, EG and rGO are significantly more reactive
than CVD graphene, which is good for electrochemical sensing applications since it enables
the addition of recognition elements by chemical modification.147.148 Because of these
advantages, research on LPE-graphene inks for electronics is incredibly abundant across a
wide range of disciplines. EG-based inks have been used as both electrocatalytic and

transducing elements in sensing technologies.

Mechanical
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Graphene Quality
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v

Figure 5 Different synthetic strategies for graphene production, reported against the

production costs on industrial scale and quality of final graphene.

Covalent and non-covalent approaches previously described for CNTs can be applied to
functionalize graphene as well.192 Multiple covalent functionalization can be carried out on
the surface of graphene, like reduction of diazonium salts,1%4 cycloadditions47.149 or photo-
induced radicalic reactions.1>? Generally, graphene is less reactive than CNTs, due to the lack
of pyramidalization of perfectly planar hexagonal lattice, and its reactivity mainly depends
on the presence of defects on its surface.>> As a consequence, rGO and EG are more reactive
than CVD graphene. Non-covalent approaches may be preferred for functionalization of CVD

graphene, both to face its low reactivity and to maintain its precious electronic properties.
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For electrochemical biosensing devices, EG is a great transducer due to its large surface area.
P. Labroo and Y. Cui have provided an excellent illustration of this use, having created an EG-
based nano-ink for the examination of several metabolites.!>! In their work, four enzymes—
glucose, lactate, xanthine, and cholesterol oxidases—have been immobilized on the surface
of EG nanoplatelets through the use of EDC-NHS chemistry. These enzymes serve as
bioreceptor, oxidizing selectively their substrates and producing H202 as a byproduct. Upon
application of a positive potential of 0.5 V, the produced H202 oxidizes at the surface of the

EG nanoplatelets, resulting in an electrical signal.

Silvestri et al. have shown that every component of a biosensor may be immobilized on
graphene flakes, resulting in nano-assemblies suitable for use as the ink's active
component.’>2 Through a combination of covalent and non-covalent methods, the authors
functionalized graphene using various enzymes and cobalt phthalocyanine (CoPC), resulting
in inks that are specific to short-chain alcohols, glucose, and lactate. This strategy's main
benefit is that it enables direct inkjet printing of electrodes, eliminating the need for post-

functionalization with receptors and electrochemical mediators.

Another method for integrating every sensor component into an ink is self-assembling. The
same authors suggested creating a self-assembling bio-ink for glucose and H20:2 sensing
using EG and protein-stabilized metal nanoclusters as the basis for an ink-jet printable ink.153
The primary function of the engineered proteins utilized in this work is templating the
development of size-controlled metallic clusters, as well as self-assembling in a self-standing
biofilm that immobilizes and stabilizes the enzymes introduced to the formulation.
Graphene, on the other hand, increases the hybrid material's conductivity and significantly

boosts its electrocatalytic qualities, increasing the sensors' sensitivity and detection limits.

1.3.4 Molybdenum Disulfide

Graphene opened a new era for nanoscience, opening new perspectives on layered materials
and ushering research on two-dimensional nanomaterials. The family of 2D-nanomaterials
rapidly expanded after 2004, incorporating nanomaterials with extremely various
properties. The common element to these materials is the structural organization in stacked
atomically thin planar layers, with strong covalent bonds binding the atoms of each layer,

and weak Van der Waals interactions holding together the different layers.154
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TMDs are a subgroup of the 2D-nanomaterial family, including around 40 different materials.
All members of this group are characterized by their chemical composition in which one
transition metal is bound to a chalcogen (Figure 6a). When TMDs are exfoliated to few-layer
or monolayer nanosheets, electronic properties can change drastically, due to the
modification of their band structures (Figure 6b).1>> Furthermore, each TMD can exist in

several crystalline phases, and each phase exhibits different properties (Figure 6c).3”

a M Xz ............................... . b Bulk 4 layers 2 layers 1 layer
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2H phase 1T phase

Figure 6 a) Metals and chalcogens known to form TMDs; b) Thickness-dependent band
structure of MoSz; ¢) 2H and 1T phases of MoS:z. Panel b was adapted with permission from
Nano Lett. 2010, 10, 4, 1271-1275. Copyright 2010 American Chemical Society.

MoS: is probably the most studied material of TMD family. Isolation of monolayer MoS:
actually traces back to 1986, almost twenty years before isolation of graphene,>¢ but
research on its electronic and optical properties exploded only in the 2010s, on the wave of
excitement for the discovery of graphene. Bulk MoS:z is commonly employed industrially as
solid lubricant and behaves as a semiconductor with an indirect band gap of 1.23 eV.157 Once
exfoliated, modifications in its band structure lead to a new direct band gap of ~ 1.8 eV
(Figure 6b) and interesting properties like photoluminescence arise.15> Bulk MoS:2 and
physically exfoliated MoS: typically present a hexagonal lattice (2H phase), which is

thermodynamically stable. Upon reduction of 2H phase, it is possible to induce a structural
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change towards a metastable phase with octahedral structure (1T phase). 1T-MoS: is
characterized by a metallic behavior, with high conductivity, and abundant active sites on

both edges and basal plane.158

Similarly to graphene, MoS: can be synthesized using both top-down and bottom-up
methods. Top-down approaches include mechanical exfoliation, LPE and ball milling, and
remain the most promising strategies for production of 2D MoSz, given the huge availability

of the bulk precursor, known as molybdenite.38159

On the other hand, hydrothermal synthesis from ionic precursors and CVD growth are

effective bottom-up protocols for synthesis of M0S2.160.161

Taking advantage of synthetic strategies already mentioned for CNTs and Graphene, it is
possible to functionalize the surface of MoSz, tuning its electronic properties and introducing
specific moieties. The use of diazonium salt to covalently functionalize its surface is well

represented in literaturel62163 gs well as reaction with alkyl iodides.164

The strategy of “sulfur healing” (Figure 7a) is another covalent approach that is specific for
MoS2 and other sulfur-bearing TMDs. It takes advantage of naturally occurring and
exfoliation-induced sulfur vacancies on the surface of MoS2, replacing them with sulfur
atoms of thiols.165> However, doubts arose concerning the actual mechanism involved in this
reaction, suggesting that functionalization may be occurring by simple formation of disulfide

bonds between the thiol and sulfur atoms on the surface of MoS2.166

It is also possible to exploit the nucleophilic character of sulfur atoms on the surface of MoS:
to covalently functionalize the material with maleimide derivatives, through a simple click
reaction (Figure 7b), as demonstrated by M. Vera-Hidalgo et al.16” The reaction proceeds
through Michael addition and allows to modify the surface of MoSz with a plethora of

maleimide-based reagents.
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Figure 7 Covalent functionalization of MoS:z through a) Sulfur healing and b) Michael

reaction with maleimides.

Non-covalent functionalization approaches for MoS: rely on electrostatic interactions
between the negative surface charge of MoS:z and positively charged species!®® or on metal-

ligand coordination between molecular species and Mo atoms of M0S2.162

In sensing technologies, MoSz has been implemented for detection of gases, metals and
biomolecules. Because of its charge-transfer characteristics, MoS2 may interact with a
variety of gaseous compounds. It can be used as an electron-donor towards gases that are
electron-acceptors, such as CO, NO2, NO, or H20, and it can also accept electrons from
compounds that are electron-donors, such as NH3.170 These interactions determine as
consequence changes in the resistance to charge transfer and can be exploited to design
impedimetric or chemresistor-based sensors. Yao et al. used this strategy to design an
electrochemical sensor for NH3 vapor at concentrations of 5 ppm.171 Later Chen et al. used
AuNPs to modify the surface of MoSz, improving this same technology and extending the

range of analytes to different volatile organic compounds.172

The chalcogen atoms on the surface of TMDs provide helpful coordination sites for metal
ions. Using this, Neethipathi et al. designed a Cu?* ion sensor based on a SPCE functionalized
with a MoS2 suspension, having a linear range of 5uM to 5mM.173 More selective coordination

sites can be introduced by functionalization. For example, Zhuravlova et al. used Sulfur
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healing to introduce 2,2":6',2"-terpyridine-4'-thiol, which is selective for Co?*, for specific

chemresistive sensing of Co in water.174

Finally, MoS2 has been applied to the sensing of small molecules such as glucose, dopamine,
and H202, which are relevant to biological activities. Huang et al. doped MoS2 with NiNPs to
design a non-enzymatic amperometric sensor for glucose at micromolar scale.17> Wang et al.
developed a sensor for H202 detection at nanomolar concentrations, using ultrasmall MoS:
nanoparticles to modify a glassy carbon electrode.l’¢ MoS2 modified with MNPs found
application also for electrochemical sensing of dopamine, as reported by Chao et al. who used
a nanocomposite based on PtNPs and MoS: to detect simultaneously dopamine and uric acid
with linear ranges from 0.5 to 150 pmol L-1and 5 to 1000 umol L-1 respectively.177 Switching
to less expensive metals for MoS2 doping can also reduce production costs. As an example,
Lei et al. employed Mn single atom doping of MoS:2 to detect concentrations as low as 50 nM

in artificial sweat.178

1.4 Electrocatalysis

The birth of the term electrocatalysis is generally referred to the work of Kobosev and
Monblanova, in the early 1930s, as they were the first to use it to describe redox processes
catalyzed upon adsorption of the substrate on the active surface of the working electrode.17?
Interest in this field increased sensitively in the last 40 years, as the influence of the nature
of the electrode material on the kinetics of redox processes was further explored, mainly for

energy storage and conversion.180

Electrocatalysis has emerged in the last decades as a powerful tool to face fundamental
challenges on unprecedented scale. Energy storage and conversion probably is the field that
benefited the most from application of electrocatalytic materials for oxygen reduction
reaction (ORR), hydrogen evolution reaction (HER) or oxygen evolution reaction (OER).181-
183 Environmental remediation is another important application for electrocatalytic

materials, that are used to favor elimination of water pollutants.184-186

The electrocatalyst can be either a solid material deposited at the interface between the
electrode and the medium containing the substrate or a freely diffusing molecular species,18”
that facilitates an electrochemical reaction, typically by lowering the activation energy of the

process and favoring the charge transfer from the electrode surface to the reactants. The

29



decrease of the activation energy results in the application of lower overpotentials to start
the redox reaction,!88 while the more efficient charge transfer leads to higher current

densities.189
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Figure 8 Reaction scheme for homogeneous and heterogeneous electrocatalysis.

Overpotential is defined as the additional potential (beyond the thermodynamic
requirement) needed to drive a reaction at a certain rate.1°? Three components are primarily
responsible for the bias between the thermodynamic potential and applied potential: ohmic
overpotential is caused by inherent electric resistance that is imposed by every component
of the electrochemical setup and is associated with the design of the cell (junction resistance,
electrolyte resistance, capacitance). Mass-transport and concentration overpotential
depends on the ability of all chemical species involved in the redox process to freely diffuse
through the electrolyte, towards the surface of the electrodes. Finally, the potential
difference over the equilibrium potential required to overcome the reaction's activation
energy is known as the activation overpotential.191.192 Electrocatalysts act on the latter form
of overpotential, favoring adsorption of the substrate and charge transfer. A lower
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overpotential means that less energy is needed to produce the same current, which is
desirable for more efficient energy conversion.1?3 Additionally, application of low potentials
allows the use of aqueous electrolytes, which typically are characterized by a narrow
electroactive window of 1.23 V,193 eliminating the need for risky organic solvents with wider

working voltage ranges.1%%
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Figure 9 Effect of electrocatalyst on voltammetric peak.

Electrochemical sensing technology has been greatly fostered by the development of new
electrocatalytic materials and nanostructured electrodes. Literature is full of examples of the
application of electrocatalytic nanomaterials: from sensors for detection of biomolecules of
interest like neurotransmitters,2919519 glucose,, uric acid197.198 or ascorbic acid,199:200 to

immunosensors.30.31,201

In sensing application, the possibility of modulating the overpotential for a specific redox
reaction can enhance selectivity of the sensor for its target, while the higher current density

concurs to higher sensitivity, allowing detection at lower concentrations.
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1.5 Electrochemical Techniques
Various electrochemical techniques are used not only during the actual sensing process, but
also to characterize electroactive nanomaterials that are used for the design of the sensors.

Below, the techniques used within this PhD thesis are briefly listed and explained.

1.5.1 Voltammetry

Voltammetry is a set of electrochemical techniques that involve measurement of voltage-
dependent and time-dependent current upon application of a controlled potential. The
measured current is proportional to the concentration of one or more electroactive species
at the electrode surface. Voltammetric techniques differ for the time-dependent function

used to sweep the applied potential.

Linear sweep voltammetry (LSV) is the term for the technique when potential is swept
linearly over time (Figure 12a). By plotting the current against the applied voltage, it
possible to obtain a voltammogram. The voltammogram shows the occurrence of
electrochemical reaction as current peaks: the scan begins from the left-hand side, and when
a redox reaction takes place, a faradaic current begins to flow, reaching a peak before

dropping (Figure 12b).

Potential applied (V)
Current (A)

Time (s) Potential applied (V)

Figure 10 a) Potential scan for LSV; b) Voltammogram obtained from LSV.

The peak occurs because at some point the consumption of the reagent at the surface of the
electrode generates a depletion layer and diffusion from the bulk of the solution to the
electrode becomes rate-determining. The slope of the potential-time line determines the

voltage scan rate, which has important effects on the final voltammogram.
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Cyclic voltammetry (CV) is extremely similar to LSV. Also in this case voltage is swept
linearly, but upon reaching a determined value of potential, the scan is reversed and voltage
is swept back to initial potential with the same scan rate (Figure 13a). While the forward
sweep produces the same response of LSV, when potential is swept back, it is possible to
move back to equilibrium and study reversible processes (Figure 13b). CV is a simple yet
powerful technique to explore an electrochemical system, highlighting cathodic and anodic
phenomena, together with their reversibility, before proceeding to other more specific

electrochemical measurements.

Potential applied (V)
Current (A)

Time (s) Potential applied (V)

Figure 11 a) Potential scan for CV; b) Voltammogram obtained from CV.

The application of potential pulses over a linear or step-wise potential sweep is at the base
of pulse voltammetry. Normal pulse voltammetry (NPV), differential pulse voltammetry
(DPV) and square wave voltammetry (SWV) belong to this group of techniques. Pulse
voltammetry allows to greatly enhance sensitivity by removing background capacitive

current.202

In NPV a series of potential pulses of increasing amplitude are applied over a period of time
and current is sampled at the end of each pulse, where capacitive current decays, isolating
only the faradaic contribution. DPV is based on a similar series of potential pulses, however
the amplitude of pulses is constant and small (10 to 100 mV), and is superimposed on a
gradient of potential (which could be a linear sweep). In the case of DPV, current is sampled
before and at the end of each pulse and the subtraction between the two currents allows
eliminating the contribution of non-faradaic current. Finally, SWV is based on the application
of symmetrical square-wave pulses superimposed on a staircase potential scan, and current

is measured as the difference between the forward current and the reverse current of each
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pulse. Figure 14 illustrates the potential scan for DPV (Figure 14a) and the obtained

voltammogram (Figure 14b).

Potential applied (V)
Current (A)

Time (s) Potential applied (V)

Figure 12 a) Potential scan for DPV; b) Voltammogram obtained from DPV.

While LSV and CV are useful tools for exploration of electrochemical properties and
definition of the electrochemical system, pulse voltammetry techniques offer the best
performances for sensing and biosensing, thanks to their superior sensitivity, higher

resolution and accuracy.203-205

1.5.2 Chronoamperometry

Chronoamperometry is part of the voltammetric techniques, as it exploits the same working
principles: a potential-dependent current that is function of the concentration of a species is
measured upon application of a potential. The difference with the other voltammetric
techniques is that the working potential here is constant and not scanned over time (Figure
15a).206 In chronoamperometry, current is displayed against time instead of voltage, and is
dependent only on the concentration of an electroactive species at electrode surface. The
obtained graph is called amperogram and its shape depends on the experimental setup used

for the measurement.

When amperometric measurements are carried out in continuum, in an electrochemical cell,
and the analyte is added in small aliquots overtime, the obtained amperogram presents a
typical staircase trend (Figure 15b). Alternatively, amperometry can be implemented in a

flow system, for example as a detection technique for liquid chromatography?207 and the
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resultant amperogram is characterized by the presence of peaks with intensity directly

proportional to analyte concentration (Figure 15c).

a b C

Potential applied (V)
Current (A)
Current (A)

Time (s) Time (s) Time (s)

Figure 13 a) Potential vs time for amperometry; b) Staircase amperogram (for a

reduction reaction); c) Flow amperogram.

1.5.3 Electrochemical Impedance Spectroscopy

Electrochemical systems can be complex and challenging to fully comprehend because of the
various electrical and electrochemical processes that might happen at a given time. Upon
application of voltage at the surface of an electrode, polarization, charging, faradaic and
diffusion processes are triggered, and the measured current is a sum of all these
contributions. In direct current systems, it is not possible to discern all these components of
the measured signal. However, alternate current techniques, and specifically
electrochemical impedance spectroscopy (EIS), are a powerful tool to deepen the

understanding of an electrochemical system.208

EIS is an electrochemical technique in which a potentiostat applies a sinusoidal potential or
current to an electrochemical system and detects the corresponding sinusoidal current or
potential as a response. The approach is known as potentiostatic EIS when a sinusoidal
potential is applied to produce a sinusoidal current (Figure 16); in the opposite situation, it

is known as galvanostatic EIS.
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Figure 14 Scheme of potentiostatic EIS measurement.

The input and the output signal are both time-dependent by the same angular frequency w
and are characterized by an amplitude (Eo and io). The output current wave may be offset

from the sinusoidal function of the applied potential, by a phase shift or phase angle (¢).

In direct current systems, the ratio between E and i is defined by Ohm’s law through a
constant of proportionality that is the electric resistance, R. However, in alternate current

system the resistance is replaced by a more generic term, which is electrical impedance, Z.

Impedance is the total opposition presented by an electrical circuit to alternating current
and it includes the effect of classic resistors as well as other circuit elements like inductors

and capacitors. From its definition, it is derived as it follows:

Equation 1 E = Eysin(wt)
Equation 2 i = ipsin(wt + @)
E  Egsin(wt) sin(wt)

Equation3 7 =-—-= =
quation i Ipsin(wt+ @) %sin(wt + @)

Impedance therefore is expressed in terms of a magnitude Zo and phase shift ¢ and depends
on wt. Total impedance is the sum of all impedances of the system, which, in the case of an

electrochemical cell, are related to different processes.

The difficulty in identifying the individual components stems from the near simultaneous
occurrence of these events. However, what differentiates different electrochemical and
electrical phenomena occurring in the electrochemical cell and at the surface of the electrode
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is the different timescale at which they happen. For instance, it usually takes a tens of
femtoseconds for charge transfer at the electrode interface,2%° while diffusion of species from

bulk of solution is much slower, taking up to several seconds.

The Fourier transform allows moving from the time domain to the frequency domain, so that
is possible to isolate single processes based on their timescale. By collecting data at different
frequencies and performing a Fourier transform, it is possible to determine both E and i as

functions of w (Figure17). For each frequency, Z is determined as the ratio between E and i.

E(t) E(0)
i(t) i(w)

ki ol FFT
L

"’” {M;H}M‘J \‘H\‘l' ﬁ» —_—

Magnitude
Magnitude

Time (s) Frequency (Hz)

Figure 15 Fast Fourier transform of EIS data, from time domain to frequency domain.

There are different ways to represent EIS data. It is possible to plot the sinusoidal function
of the current against the sinusoidal function of the potential to obtain the Lissajous plot.
This plot gives information on the phase angle: when ¢ = 0°, the Lissajous plot consists of a
straight line, while if the potential and the current are out of phase, its shape changes to a

tilted ellipsis and finally to a perfect circle for ¢ = 90° (Figure 18a).

Data in the frequency domain can be represented with the Bode plot, in which both
impedance magnitude Z and phase angle ¢ are reported as function of the applied frequency

w, displayed in logarithmic scale (Figure 18b).

Impedance can be expressed as a complex number, with a real component Z’ and an

imaginary one Z”, using Euler’s formula:

Equation4 e/* = cosx +jsinx
By substituting x with wt + ¢ and applying the Euler’s formula to equations 1 and 2, it is

possible to derive equation 5:
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Equation5 Z = |Z|(cos¢ + jsin @)
Where impedance Z is defined as linear combination of two components: real impedance

(Z" = |Z] cos ¢) and imaginary impedance (Z"' = |Z| sin ).

Nyquist plot displays real impedance Z’ on the x-axis and the negative imaginary impedance
-Z” on the y-axis (Figure 18c). The negative sign conventionally is used for the imaginary
component because values of Z” are normally less than zero. Moreover, by convention,
Nyquist plot must be orthonormal. The various electrochemical and electrical processes that
occur in the electrochemical system determine the shape of the Nyquist plot, and by

opportune fitting, a significant quantity of valuable data can be extracted from it.

Current (t) (A)
-Z" (Q)

-
Impedance, Z ()

""""

Potential (t) (V) Frequency, o (Hz) Z'(Q)
Figure 16 Representation of EIS data. a) Lissajous plot of spectra with different phase angles,

b) Bode plot and c) Nyquist plot.

Analysis and interpretation of EIS spectra involve mathematical fitting of the data with
circuit elements that model different components of the electrochemical system. Some of the

most commonly used circuit elements are reported in Table 1.
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Table 1 Some known circuit elements used for fitting of EIS.

Symbol
Circuit Element Modelled Electrochemical Process
Used
Resistance to charge transfer at the electrode-
Resistor (R) .j\/\/{ electrolyte interface; intrinsic resistance of the
electrolyte.
Electrical double layer charging; non-faradaic
Capacitor (C) .—| }—C
charging processes.
Constant Phase
._| g_c Non-ideal capacitors.
Element (CPE or Q)
Inductor (L) .\QQIC Magnetic inductance.
Warburg Diffusion processes in liquid phases, from bulk to
- -C
Impedance (W) W electrode’s surface.

These circuit elements are arranged in model circuits, simulating the whole electrochemical
system. The most used circuit is Randles circuit (Figure 19), consisting of a resistor that
models the electrolyte ionic resistance (Rs), connected in series to the parallel combination
of a capacitor or a constant phase element for the double-layer charging and a resistance for
the charge transfer associated with a redox reaction (Rcr).21% The Rcr can be accompanied by
a Warburg impedance, which takes into account the diffusion of the electroactive species to

the surface of the electrode at low frequencies.

—@/\/\[@—@ W fo—

Ao Rer .

R —@_{5_@—
CPE

Figure 17 Randles circuit.
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The fitting software uses the tentative circuit chosen to model the system, to perform the
fitting. Finally, a value of impedance (as resistance, capacitance, etc.) is attributed to each
circuit element. These data give precious insight on the processes that are taking place: for
example, Rcr is correlated with kinetics of electrochemical processes, as lower values of Rcr

mean higher current densities and faster reactions.211
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Chapter II

Nanocomposite based on Multiwalled Carbon Nanotubes
and Gold Nanoparticles from Metal Vapor Synthesis for
Voltammetric detection of Monoamine

Neurotransmitters in Complex Biological Systems

Abstract

Monoamine neurotransmitters are involved in a plethora of biological processes, in the
central and peripheral nervous system. Rapid and robust electrochemical sensors for real-
time monitoring of their concentration can be a valuable tool to study these processes, both
for prompt diagnosis or correlated diseases and for a deeper understanding of their
physiological pathways. However, biological matrices pose a challenging environment for
these devices, as biogenic interfering agents can compete with the analyte and adsorb on the
surface of electrodes, leading to the fouling of the electroactive area. In this chapter, a new
nanocomposite based on multi-walled carbon nanotubes and gold nanoparticles is
presented as electrocatalyst for various substrates. The nanocomposite is implemented in
the design of two voltammetric sensors for monoamine neurotransmitters, serotonin and

dopamine, in complex biological matrices.

2.1 Introduction

2.1.1 Monoamine Neurotransmitters as Analytes

Monoamine neurotransmitters are a class of small biomolecules that share similar structural
features: they contain one amino group that is connected to an aromatic ring by a two-carbon
alkyl chain. Monoamines are synthesized in different areas of the upper part of brainstem by
decarboxylation of the respective precursor aromatic amino acids (L-phenylalanine, L-
tyrosine, L-tryptophan, L-DOPA) catalyzed by L-amino decarboxylase.l2 Dopamine,
serotonin and noradrenaline are the most important representatives of this class of

molecules.

As neurotransmitters, these molecules are used as signaling tools by neurons at the level of

synapses, and specifically to regulate behavioral and emotional information.! Presynaptic
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neurons synthesize monoamines and release them into vesicles into the synaptic gap
between two neurons. Monoamines subsequently bind to specific receptors and
neurotransmission is finalized by degradation or reuptake of the neurotransmitter.
Moreover, it has been proved that monoamines influence the expression of neurotrophin-3,
which is a neurotrophic factor.3 Neurotrophins are a family of proteins involved in the
regulation of growth and survival of neurons,* and by modulating their expression,
monoamine play a pivotal role in maintaining integrity and functionality of the neuronal
network. At the level of peripheral nervous system, monoamines are involved in the
regulation of several processes, like movement, vasodilation and vasoconstriction,

thermoregulation and pain modulation.5>¢

Numerous neurological symptoms can arise from an imbalance in the metabolism of
monoamines. The problems might appear as motor and cognitive delays, seizures,
autonomic dysfunction (sweating, dysregulation of body temperature, hypersalivation,
congestion of the nose), and neuropsychiatric symptoms including autism spectrum
disorder or anxiety.” Abnormal variations of concentration of monoamine
neurotransmitters are correlated with insurgence of neurodegenerative diseases and

chronic mental disorders, like Parkinson’s disease8-10 and schizophrenia.ll

Specifically, serotonin, also known as 5-hydroxytryptamine (5-HT), is involved in diverse
physiological functions such as sleep, cognition, memory, aggressiveness, appetite and stress
management. In the periphery of human body, 5-HT functions as well as a hormone,
regulating non-neuronal processes like cardiovascular activity, metabolism and glucose
homeostasis.1213 Studies on the role of 5-HT in pathological conditions demonstrated that
elevated levels of 5-HT may be associated with neuropsychiatric symptoms of autism
spectrum disorder'# and attention deficit hyperactivity disorder1>16 as well as non-
neuropathological conditions like diabetes!” or coronary artery disease.18 Over the past 100
years, since its discovery, research on the physiological roles of 5-HT has unveiled the
importance of this molecule in several physiological pathways and yet a comprehensive
understanding of its effect over many pathological conditions such as mental depression19.20

and communicative diseases?! remains challenging.

The development of sensing systems for real-time detection and quantification of 5-HT in
peripheral systems could foster greatly neuroscience and general physiology, solving finally
several queries around this molecule. Moreover, rapid, portable, and dependable technology

for serotonin detection may potentially be able to assist emergency physicians in the prompt
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diagnosis and treatment of pathological conditions like serotonin lethal syndrome,22 a rare

drug-induced clinical disease that has a 50% death rate within 24 hours of symptom onset.23

Dopamine (DA) is involved in the regulation of motor control and motor planning. Low
expression of DA in this pathway is correlated with appearance of issues in motor control
after neurodegenerative diseases, like Parkinson’s disease??* and Tourette’s syndrome.25
Other functions of DA are related to reward and motivation pathway in the limbic system?6
and cognition and attention capability in the frontal and prefrontal cortex.2” Disturbances of
these pathways lead to insurgence of psychiatric conditions of psychosis and
schizophrenia.?8 Finally, DA is involved in regulation of sleep at the level of the hypothalamus

and pituitary.2?

The ability to study variation of concentration of DA directly at the level of synapses could
shed light on causal relations and provide insight on the response of dopaminergic pathways
to external stimuli, allowing deeper understanding of degenerative processes that determine

pathological conditions.

Of various instrumental approaches for the detection of monoamine neurotransmitters,
high-performance liquid chromatography (HPLC), often coupled with mass spectrometry
(MS), is the most used technique.39-32 HPLC-MS ensures high selectivity and sensitivity;
however, it requires expensive analytical equipment and trained personnel, making it

unsuitable for rapid in situ analysis and monitoring.

On the other hand, electrochemical sensors can be easily miniaturized and integrated in
portable designs, for rapid detection of electroactive molecules, like 5-HT and DA. One main
challenge for electrochemical detection of monoamines is the complexity of biological fluids.
Both 5-HT and DA are present at nanomolar concentration in the central nervous systems33.34
and at micromolar concentration in the peripheral biological fluids like blood serum,3035
urine3® and saliva.3? Selective detection of monoamines in these complex matrices is
hampered by the presence of a plethora of interfering species affecting the response of the
sensor and by fouling processes due to adsorption of macromolecules on the surface of

electrodes.

Consequently, the design of selective electrochemical sensors for rapid detection of
neurotransmitters in complex biological matrices remains a lively and timely research field

in the world of biosensing.
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2.1.2 Carbon Nanotubes as Transducers for Neurotransmitters

As demonstrated by Schmidt et al.,3® multiwalled carbon nanotubes (MWCNTSs) constitute
an optimal material for transduction in electrochemical sensors for neurotransmitters,
thanks to their superior electron transfer and mass transfer kinetics. By comparing
electrodes fabricated with MWCNTSs to carbon-fiber microelectrodes, they demonstrated
that MWCNTSs improve sensitivity and selectivity for voltammetric detection of electroactive
neurotransmitters. Their intrinsic electrocatalytic activity,3? due to the arrangement of sp2
carbon atoms on their surface, allows for sharper voltammetric peaks, facilitating

discrimination between different electroactive species.

Furthermore, the possibility of functionalizing their surface to modulate their properties
opens to almost infinite possibilities for sensor manufacture. For instance, it is possible to
decorate the surface of CNTs with metal nanoparticles to enhance their electrocatalytic
performance. Yang et al. used Fe/Fe3C to decorate MWCNTSs, with an ultrafast microwave-
assisted method, to design a voltammetric sensor for DA in the micromolar range in human
serum.#0 Wu et al. instead developed a sensitive electrochemical sensor for 5-HT in urines,

using ferrocene covalently linked AuNPs on MWCNTs.41

Finally, their compatibility with neurons and the ability of promoting growth and
organization of neural networks make CNTs a promising material for bioelectronics based
on neuronal interfaces.#243 CNTs can promote neuron attachment, growth and
differentiation on planar surfaces by favoring propagation of electrical signals at level of
axons.** Neurons grow in close contact with the surface of CNTs and synaptic that happen at

the cell-material interface can be electrochemically studied.*3

2.1.3 Gold Nanoparticles from Metal Vapor Synthesis for Heterogeneous

Catalysis

AuNPs, thanks to their chemical inertia, high surface area, and electronic properties,
constitute and ideal electrocatalytic material for manufacture of biosensors for
neurotransmitters.#> Currently in literature, it is possible to find a plethora of examples of
AuNPs-modified electrodes for electrochemical detection of monoamine neurotransmitters,

specifically dopamine and serotonin.41.46

MVS is a well-known synthetic approach for metal nanoparticles, which has been deeply
studied since the early eighties.#” This technique allows to obtain highly catalytic metal
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nanoparticles with narrow size distribution, both homometallic and heterometallic, of

different transition metals.48

AuNPs from MVS can be prepared from Au-acetone solvated metal atoms (SMA) and are
highly catalytically active in heterogeneous catalysis.#® The high activity derives from the
weak interactions between the AuNPs and the stabilizing acetone molecules that coordinate

their surface: these interactions are so weak that the AuNPs can be regarded as naked.*?

2.1.4 Molecularly Imprinted Polymers as Artificial Receptors

Molecularly imprinted polymers (MIPs) are synthetic recognition materials that are
obtained by polymerization of monomers, crosslinkers and eventual other essential
components in presence of a large excess of the target analyte, which serves as a template.50
During this process, the highly cross-linked polymeric network grows around the molecular
template. After polymerization, the template is removed, leaving behind high-affinity

binding sites.>1-53

MIPs can be generated either by chemical polymerization,>* enzymatic production>> or
electropolymerization.>® This last method in particular offers several advantages for
manufacture of electrochemical devices: for instance, it allows for precise control over
polymer morphology and site-specific functionalization, which is crucial for optimal
recognition capabilities. Furthermore, the fast polymerization kinetics and efficient template
removal, contribute to the simplification of the synthetic process, while maintaining high
reproducibility, and the possibility of reducing the use of hazardous chemicals make this

technique extremely valuable.

Conductive polymers such as polypyrrole (PPy), poly(3,4-ehtylenedioxythiophene)
(PEDOT) and polyaniline (PANI) are ideal candidates for electropolymerization, thanks to

their electrical properties.50.54

Integration of conductive MIPs and electroactive nanomaterials has been highly
advantageous for design of sensitive electrochemical sensing platforms. Specifically, CNTs
have been used for over a decade together with MIPs, to boost sensitivity of electrochemical
sensors. Shen et al. used molecularly imprinted PPy to decorate CNTs, designing an
ultrasensitive voltammetric sensor for dopamine detection.>” Later, in 2017, Zhang et al.
developed a sensor based on molecularly imprinted poly(3-aminophenylboronic
acid)/MWCNTs nanocomposite for voltammetric detection of epinephine.>8
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2.1.5 Aim of the Project

In this work, a nanocomposite (MWCNT-S-Au) based on multiwalled carbon nanotubes
(MWCNTSs) and gold nanoparticles from metal vapor synthesis (MVS AuNPs) is presented
and applied for electrochemical detection of monoamine neurotransmitters serotonin and
dopamine, in two different sensor designs. The nanocomposite was designed under the
supervision of Prof. Maurizio Prato and Dr. Alessandro Silvestri, in collaboration with Dr.
Claudio Evangelisti and Dr. Emanuela Pitzalis from CNR-ICCOM, Pisa, who synthesized the
MVS AuNPs.

In the first sensor design, a screen-printed electrode was modified with MWCNT-S-Au, and
the a MIP selective for serotonin was synthesized in situ, by electropolymerization. The final
sensor is capable of detecting serotonin at micromolar scale in plasma, with excellent
reproducibility, thanks to the presence of the polymer that prevents fouling of the electrode,
while providing selectivity for serotonin. This sensor was developed under the supervision
of Prof. Maurizio Prato and Dr. Alessandro Silvestri, in collaboration with Dr. Juan Pedro
Merino, Adrian M Abelairas, Dr. Jesis Mosquera and Dr. Alejandro Criado from University of

Corufia, who developed the MIP.

The second sensor is based on ITO-coated glass slides modified with MWCNTs and MWCNT-
S-Au for detection of dopamine at cellular level. In this case, neurons are directly grown and
diversified on the nanostructured electrode active surface, and subsequently the production
of dopamine upon chemical stimulation is monitored by voltammetric and amperometric
measurement. This sensor was developed under the supervision of Prof. Maurizio Prato and
Dr. Alessandro Silvestri, in collaboration with Nerea Pascual Frias, Dr. Nuria Alegret and Dr.
Francisco Gil Bea, from Biogipuzkoa, who developed the protocol for neurons differentiation,

assembled the sensor and studied the response of cells upon chemical stimulation.
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2.2 Results and Discussions

2.2.1 Functionalization of MWCNTSs

First, MWCNTSs were functionalized with thiol groups to subsequently use them as anchoring
moieties for stable immobilization of AuNPs on their surface. To achieve this, the chosen
strategy was based on a two-step controlled functionalization, which ensured at once
protection of thiols during the functionalization and control over the length of linkers on the

surface of MWCNTs. (Figure 18)
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Figure 18 Synthetic scheme of MWCNT-S-Au, illustrating the functionalization strategy
based on SET reaction and disulfide cleavage to obtain MWCNT-SH and the synthesis of
AuNPs by MVS approach and their grafting on MWCNT-SH.

In light of these requirements, MWCNTs were functionalized using reactive radicals from
decomposition of a symmetric disulfide-bearing aryl diazonium salt.5%.6% The high reactivity
of radicals from diazonium salts leads to high degree of functionalization, but at the same
time the radicalic process is poorly controllable and often leads to the formation of
oligomeric chains on the surface of the material, which passivate its surface and hinder
electron transfer. The strategy herein presented addresses this issue, achieving control over

uncontrolled oligomerization: indeed, cleavage of the disulfide bond in the second step of
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the synthesis allows simultaneously eliminating the oligomeric chains formed during the

radicalic reaction and deprotects the thiol moieties for anchoring of AuNPs.61

Instead of being generated in situ, the diazonium salt was isolated as tetrafluoroborate salt,
starting from 4-aminothiophenol.®? This allowed proper characterization by 1H-NMR and
ATR-FTIR and to assess its thermal stability by Differential scanning calorimetry (DSC).
Moreover, carrying out the functionalization of MWCNTs in DMF allowed increasing
dispersibility of the nanomaterial, thus the surface area exposed to radical addition, resulting

in a more homogeneous and efficient coverage of the surface.63

X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA) were the
techniques of choice to characterize all steps of the functionalization. XPS spectra of pristine
MW(CNTs show that the material is mainly composed of C atoms, with only 3.2% of O atoms.
Both survey and high-resolution spectra demonstrate the absence of Fe atoms and other

metal contaminations (Figure 19).
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Figure 19 High-resolution XPS spectra of a) Cis and b) O1s of MWCNTS; c) Survey and d)
high-resolution Fezp XPS spectra of MWCNTs, highlighting the absence of Fe or other

metal impurities after the purification.

After the first step of the synthesis, the increase in the overall content of Sulfur was observed
in the XPS survey spectrum, from an undetectable amount to 3.81 % of the atoms composing
the surface of the material (Table 2, Figure 20). This evidence can be correlated with the
grafting of disulfide-bearing aryl radicals on the surface of MWCNTs (Beamson, G.; Briggs,
D., 1993).

Moreover, high-resolution spectrum of 2p orbitals (Figure 20d) of S provides insight on the
type of S atoms on the surface of the material, demonstrating that they are mainly involved

in S-S/S-H bonds (3.05 % in atomic percentage). Indeed, disulfides and thiols cannot be
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easily distinguished with laboratory XPS, as both components fall at a binding energy of

around 164 eV, but they can be discerned from other type of S atoms, like sulfite and sulfate.

Table 2 Elemental composition of MWCNTs in the steps of functionalization,

determined by XPS.
Sample %C %0 %N %S %Fe
MWCNTs 96.80 3.20 - - -
MWCNT-SS 89.06 6.09 1.04 3.81 -
MWCNT-SH 89.58 5.85 2.01 2.55 -
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Figure 20 High-resolution XPS spectra of a) C1s, b) Nis, ¢) O1s and d) Szp and e) Survey
spectrum of MWCNT-SS.
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Additionally, it was possible to assess the successful functionalization by TGA, by the weight
loss showed by the material at 500°C (Figure 21). At this temperature, complete
degradation of organic functionalization takes place, while the graphitic structure of
MWCNTs is still maintained.¢4#6> From the difference of weight loss at 500° C between
MWCNT-SS and pristine MWCNTs, it was possible to calculate a degree of functionalization
of 119 umol/mg of MWCNTs.

100.0-

-MWCNTs

90.0 —— MWCNT-SS
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 21 TGA of MWCNTs (orange) and MWCNT-SS (blue).

During the second step of the functionalization, upon cleavage of disulfide bonds, the total S

atomic percentage decreased to 2.5%, of which 2% related to SS/SH component (Figure 22).
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Figure 22 High-resolution XPS spectra of a) Cis, b) Nis, ¢) O1s and d) Szp and e) Survey
spectrum of MWCNT-SH.
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The decrease of the S atomic percentage from MWCNT-SS to MWCNT-SH is consistent with
the elimination of oligomeric excess on the surface of the material, upon cleavage of disulfide
bonds. By comparing these results with similar functionalization strategies that have been
previously reported in literature,®! it emerges that isolating the diazonium salt and carrying
out the reaction in DMF allows for a better control over the functionalization. In fact, even if
TGA measurements show lower degree of functionalization if compared with previous
reports,®! XPS spectra show a S atomic percentage that is 5 times higher. Consequently, this
strategy allowed drastically reducing the amount of oligomers formed during the radical
reaction and subsequently removed during the cleavage, improving the total mass balance

of the process.

To enhance their intrinsic electrocatalytic activity, MWCNT-SH were decorated with AuNPs
derived from MVS approach. Thanks to their high surface area and weakly coordinated
metallic surface, these NPs present extremely high catalytic activity,®6-68 which is herein

exploited for the first time to design electrochemical sensing platforms.

In a MVS reactor, upon resistive heating of bulk gold under high vacuum, a vapor of Au atoms
was produced. Subsequently, Au atoms were co-condensed at liquid nitrogen temperature
(-196 °C), with acetone vapors. The solid matrix was then melted at -95 °C, obtaining a deep-
purple solution containing small AuNPs (2-4 nm), stabilized by the excess of organic solvents
that serve as weakly coordinating ligands on the surface. Subsequently, the small AuNPs
were immobilized on the surface of MWCNT-SH by simple impregnation at 25 °C, and the

excess was removed by accurately washing the resulting material (MWCNT-S-Au).
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2.2.2 Characterization of MWCNT-S-Au

To determine the amount of Au grafted on the MWCNTSs, ICP-MS and TGA were used. For
ICP-MS, MWCNT-S-Au were first digested in microwave digester to remove the
carbonaceous matrix, and the final amount of Au was determined to be 11.55%. TGA was
performed in oxidative environment, to favor the thermal degradation of the carbonaceous
matrix, and Au percentage was determined from the residue at 800 °C (Figure 23a). By TGA,

the amount of Au was determined to be 12.4%, which is in agreement with ICP-MS data.

XPS was used to investigate the oxidation state of AuNPs in MWCNT-S-Au. In the high-
resolution spectrum of Au (Figure 23b), the main component of Au 4f7,2 core was centered
at the binding energy of 84.08 eV, which is in accordance with oxidation state of Au?.6%70 This
component makes up to 96.3% of the total Auregion, demonstrating that the majority of gold
atoms composing the NPs are indeed metallic, in agreement with what was previously

observed for MVS AuNPs deposited onto different substrates.67.71.72

Topological characterization of MWCNT-S-Au by TEM (Figure 23c) revealed the presence of
well-distributed spherical AuNPs on the surface of MWCNTs, with an average diameter of
2.9 £ 1.2 nm that is optimal for electrocatalytic applications.”374 By cyclic voltammetry (CV),
it was possible to further assess the presence of gold in the nanocomposite, comparing the
voltammetric response of MWCNT-S-Au with MWCNT-SH in 0.1 M PBS + 0.1 M KCI as a
supporting electrolyte. The presence of a peak at 0.9 V can be associated with the oxidation

of Au® to Au*, as already reported in the literature for AuNPs (Figure 23d).7576
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Figure 23 Characterization of MWCNT-S-Au. a) TGA of MWCNTs (orange) and MWCNT-S-Au
(blue) in the air; b) High-resolution XPS spectrum of Au4f orbitals of MWCNT-S-Au; c) TEM
image of MWCNT-S-Au with size distribution analysis of Au NPs on the surface of the
material; d) Cyclic voltammogram of MWCNT-S-Au (blue) registered at a scan rate of 20

mV/s, showing an oxidation peak at 0.9 V which can be related to the oxidation of Au to Au*
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2.2.3 Electrocatalytic Activity

Electrocatalytic activity of MWCNT-S-Au for different target analytes was investigated by

linear sweep voltammetry (LSV). By modifying the surface of either glassy carbon electrodes

(GCE) or screen-printed carbon electrodes (SPCE) and comparing the performances of the

modified electrodes with the bare electrodes, we evaluated the activity of MWCNT-S-Au for

oxidation and reduction reactions.”’® The electrocatalytic activity of a material causes a shift

of the onset potential (i.e. the potential at which the reaction starts to take place) to values

closer to 0V, and an increase of the faradaic current. (Figure 24).
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Figure 24 LSV voltammograms for a) serotonin on bare and modified SPCEs; b) Dopamine on

bare and modified GCEs; c) Epinephrine on bare and modified GCEs; d) 2-Chlorophenol on

bare and modified GCEs. The voltammograms were baseline-subtracted.
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The nanocomposite proved to be electrocatalytic for eight different reactions of choice.
Table 3 summarizes the electrocatalytic activity of MWCNT-S-Au for the different
substrates, in terms of peak potential anticipation (AV) and ratio between catalytic and non-

catalytic current (icat/1).

Table 3 Electrocatalytic activity of MWCNT-S-Au for different substrates.

Electrode Substrate Reaction AV (mV) icat/i

Serotonin

NH,
SPCE Oxidation 49.8 2.13
HO {
N

Dopamine
BoS
Ho NH,

Epinephrine

GCE ™o Oxidation 77.2 1.60
HOD/'\/N\
HO

2-Chlorophenol

GCE Oxidation 82.2 2.73

GCE oH Oxidation 65.2 5.31
L
Gallic Acid
[0} OH
GCE Oxidation 1211 1.27
HO OH
OH
Hydroquinone
OH
GCE Oxidation 105.6 0.86
OH
GCE Hydrogen Peroxide Reduction -125.0 5.97
GCE Oxygen Reduction -162.0 1.28
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As demonstrated by these results, the electrocatalyst proves very efficient for the oxidation
of phenols and catechols, as well as for the reduction of oxygen and hydrogen peroxide. The
following paragraphs focus on the detection of serotonin and dopamine, which are

particularly interesting for the reasons mentioned in the introduction to this chapter.

2.2.4 Design of Electrochemical Sensor for Serotonin in Human Serum

The design for the electrochemical sensor for serotonin in human serum is based on a
commercial SPCE modified with MWCNT-S-Au on the working electrode. To provide the
sensor with selectivity and antifouling properties, which allow application in complex media
such as human serum, a MIP was implemented in the final design. The technique of choice
was DPV, to minimize contribution of capacitive current coming from the polymeric

coverage (Figure 25).77-79

5.0E-6 J Bare SPCE
= MWCNT-AUWSPCE
4 0E-6 —— MWCNT-Au-MIPISPCE

00 01 02 03 04 05
Potential applied (V)
Figure 25 Cyclic voltammograms of 12 umol L-! serotonin solution with SPCE, MWCNT-S-
Au/SPCE, and MWCNT-S-Au-MIP/SPCE. The modification of the SPCE with MWCNTs and PPy

induced an increase in the capacitive current as a consequence of the high specific

capacitance.?0
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2.2.4.1 Optimization of Sensing Performance of SPCE/MWCNT-S-Au for Detection of

Serotonin

In DPV, the optimization of experimental conditions is pivotal for the final performance of
the analysis. To determine the best operational parameters, a SPCE was modified with
MWCNT-S-Au (SPCE/MWCNT-S-Au) and used to carry out a design of experiment (DoE).81
Two main parameters were investigated: the modulation amplitude (i.e. the intensity of the

potential pulses) and the modulation time (i.e. the duration of each pulse).82

The DoE was set as a factorial design, in which three equally spaced levels were chosen for
each parameter. Considering all the possible combinations of levels and factors, a set of 9

experiments is needed to optimize the performance of the system (Table 4).

Table 4 Factors (MA and MT) and levels chosen for DoE.

MA (V)  MT(s)

Low 0.01 0.01

Medium 0.055 0.055

High 0.1 0.1

All 9 experiments were carried out in triplicate using the same electrode (SPCE/MWCNT-S-
Au), and in random order so that influence of memory effects related with the specific order

of the measurements could be avoided (

81



Table 5).
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Table 5 Sets of experiments for DoE.

SET 1 SET 2 SET 3

The aim of this DoE was to maximize the peak resolution, the intensity of faradaic current,

and the signal-to-noise ratio.

Peak resolution and current intensity were described through a first figure of merit (FoM1),
which is obtained as the ratio between the faradaic current (ir) and the width of the peak at

medium height (4E1/2):

Equation 1 FoM1 =

When this FoM1 is maximized, the voltammogram results in sharp peaks, and sensitivity and

resolution are optimized.

Next, it is possible to optimize the signal-to-noise ratio by maximizing the ratio between the
faradaic current (ir) and the baseline current measured right before the start of the oxidation

peak (i»), which corresponds to the second figure of merit (FoM2):
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i
Equation 2 FoM2 = TF
b

The maximization of FoM2 allows for lower limit of detection (LOD).

After performing all experiments, average values of both FoM1 and FoM?2 were calculated for
each factor-level combination, as reported in Figure 26.

b

Figure 26 Average values of a) FoM1 and b) FoM2.

The following model was used to fit experimental data as a paraboloid, by multiple
regression analysis:

FoM = by + by MA — b, MT — b; MA MT — by MA? + bs MT? + bgMA?>MT + b,MAMT?
+ bgMA?MT?

The calculated coefficients for FoM1 and FoM2 are listed in Table 6 and Table 7,
respectively.
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Table 6 Coefficient values from multiple regression of FoM1.

Regression Corresponding Regression
coefficient term coefficient
value
bo Intercept -0.076
b1 MA (V) 13.280
b2 MT (s) 17.570
b3 MA MT -660.019
b4 MA? -101.758
bs MT? -122.732
bs MA2MT 4749.985
b7 MAMT? 5990.258
bs MA?MT? -46711.216
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Table 7 Coefficient values from multiple regression for FoM2.

Regression Corresponding Regression
coefficient term coefficient
value
bo Intercept -0.190
b1 MA (V) 22.981
bz MT (s) 5.863
b3 MA MT -628.683
b4 MA2 -158.765
bs MT? -40.664
bs MA2MT 4314.788
bs MAMT? 4314.872
bs MA2MT? -30199.261

The derived functions were graphed as 3D colormap surfaces, as reported in Figure 27,
where the minimum value of each function is represented in purple, while the maximum is

reported in red.

Figure 27 3D colormaps for functions derived from multiple regression of a) FoM1 and b)

FoM_2.
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The DoE demonstrates that to maximize FoM1 low MT and high MA are required (Figure
27a). However, under these conditions the background cannot decay efficiently, resulting in
low signal-to-noise ratio and affecting the LOD. Conversely, high MT and low MA promote
higher values of FoM?2 (Figure 27b), but generate low peak currents. Consequently, there is

no univocal solution for concurrent maximization of FoM1 and FoM?2.

To achieve an acceptable compromise between high sensitivity, peak resolution and low
LOD, a third FoM was formulated (Equation 3), as the product between normalized FoM1
and FoM2.

i

AE, 1

Equation 3 FoM3 =

The calculated values for FoOM3 are shown in Figure 28.

Figure 28 Calculated values of FOM3.

By applying the same polynomial model, a polynomial function was derived for FoM3 by
multiple regression analysis. The calculated values for the coefficients are reported in Table

8.
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Table 8 Coefficient values from multiple regression of FoM3.

Regression
Regression Corresponding
coefficient
coefficient term
value
bo Intercept -0.190
b1 MA (V) 22.981
b2 MT (s) 5.863
b3 MA MT -628.683
b4 MA? -158.765
bs MT? -40.664
bs MA?MT 4314.788
bs MAMT? 4314.872
bs MA?MT? -30199.261

The derived function for FoM3 is graphed as a 3D colormap in Figure 29. From this surface
of response it was possible to interpolate the optimal values of MT (0.01 s) and MA (0.075

V) to perform all following sensing experiments.

Figure 29 3D colormap for the function derived from multiple regression of FoM3.
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2.2.4.2 Evaluation of Sensing Performance of SPCE/MWCNT-S-Au

The optimized conditions for sensing by performing DPV of eleven solutions of serotonin at
different concentration (from 0.5 to 50 pmol L-1) with SPCE/MWCNT-S-Au (Figure 30a,
13b).

The response of the modified SPCE was linear in the concentration range of 1-12 pmol L1
(Figure 30c), with a calculated R2 = 0.98934, sensitivity 17.4 pA L pmol! cm-2 and LOD of
1.9 pumol L-1.

The repeatability of measurements was studied by comparing the linear response over three
measurements with the same electrode (Figure 30d) and measuring the standard deviation
of slope of registered calibration line (20.8%). The reproducibility standard deviation
(9.8%) was determined over three calibration lines performed with three different modified
electrodes (Figure 30e). The high repeatability standard deviation could be caused by
adsorption phenomena and consequent partial passivation of the electroactive material in

consecutive measurements.

Lastly, the influence of common interfering agents for detection of serotonin (ascorbic acid,
AA, dopamine, DA, tryptophan, TRP, and uric acid, UA) was investigated, using DPV of 50
umol L1 solutions of each species in PBS/KCl 0.1 mol L-1 throughout a scan range of -0.20 to
0.50 V. As demonstrated by Figure 30f, ascorbic acid and tryptophan do not determine any
response in the studied potential range, while an intense faradaic peak for the oxidation of
dopamine can be observed at 0.10 V. In the optimized operational conditions, the peaks of
dopamine and serotonin are well resolved, so that not only it is possible to neglect mutual
interferences, but also to simultaneously detect the two neurotransmitters, expanding the
potential applications of the electrocatalytic material for sensing. The only species affecting
the detection of serotonin is uric acid, as the AV between the respective oxidation peaks is
only 23 mV. However, the sensitivity for uric acid is significantly lower than that for
serotonin, as the faradaic current associated with oxidation of uric acid is 8.8 times lower

than the current generated by serotonin oxidation.
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Figure 30 a) DPV response of SPCE/MWCNT-S-Au to 0.5, 1.0, 2.5, 5.0, 7.5, 12.0, 16.0, 20.0,
25.0 umol L solutions of serotonin (5-HT) in optimized conditions; b) Calibration curve in the

range from 0.5 to 25.0 umol L1; ¢) Linear regression in the range from 2.5 to 12.0 umol L1; d)
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Repeatability for detection of serotonin (5-HT) with SPCE/MWCNT-S-Au; e) Reproducibility
for detection of serotonin (5-HT) with SPCE/MWCNT-S-Au; f) DPV of different interfering
agents (AA, DA, TRP, UA) at the concentration of 50 mmol L1 in PBS buffer. DPV were
recorded in a potential window comprised between -0.2 and 0.5 V, with the optimized

parameters from DoE.

2.24.3 Manufacture of SPCE/MWCNT-S-Au/MIP

To enhance selectivity of the electrochemical sensor for serotonin, providing at the same
time its surface with antifouling properties, a MIP was implemented in its design.
Specifically, PPy was electropolymerized in situ on SPCE/MWCNT-S-Au. The MIP acts as an
artificial receptor selective for serotonin and is prepared by polymerization of the monomer
in the presence of the analyte that serves as a template.>? The result is a highly cross-linked

three-dimensional polymeric matrix.>3

The synthesis of the MIP on the surface of the working electrode is schematized in Figure
31. First, SPCE/MWCNT-S-Au was incubated with a solution of pyrrole in presence of an
excess of serotonin. Then, electropolymerization was performed in situ, by CV (5 consecutive
scans from 0.0 to 1.0 V). Finally, serotonin is removed by electrochemical overoxidation, and

the final sensor (SPCE/MWCNT-S-Au/MIP) is obtained.
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Figure 31 Scheme for in situ synthesis of MIP on SPCE/MWCNT-S-Au.

The surface of the modified SPCEs was characterized by scanning electron microscopy
(SEM). Figure 32a shows the surface of SPCE/MWCNT-S-Au before the polymerization. It is
possible to appreciate how MWCNT-S-Au are distributed to create a 3D network structure,
which significantly enhances the total surface area of the working electrode. Figure 32b
shows the surface of SPCE/MWCNT-S-Au/MIP, where the overall morphology of the 3D
network is maintained after polymerization of PPy. From the statistical analysis of SEM
micrographs, it was possible to determine the average diameter of MWCNTSs before and after
polymerization (30 £ 8 nm and 45 * 10 nm respectively, Figure 32c). Consequently, it can

be affirmed that the MIP layer covering the 3D network has an average thickness of 7.5 nm.

A non-molecularly imprinted polymer (NIP) was deposited on a modified electrode in place

of the MIP, as a control (SPCE/MWCN-S-Au/NIP), using the same electropolymerization
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process but in absence of serotonin. As shown in Figure 32d, the efficiency of the
electrochemical response between SPCE/MWCNT-S-Au and the NIP control demonstrates

the contribution of molecular imprinting to the performance of the sensor.
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Figure 32 a) SEM image of the working electrode of SPCE/MWCNT-S-Au; b) SEM image of
the working electrode SPCE/MWCNT-S-Au/MIP; c) Statistical dimensional analysis of the
diameter of MWCNTs in the modified SPCE; d) DPV response of SPCE/MWCNT-S-Au/MIP and
SPCE/MWCNT-S-Au/NIP to 2.5, 5.0, 7.5, 12.0, 16.0, 20.0 umol L solutions of 5-HT. DPV were
recorded in a potential window comprised between -0.2 and 0.5 V, with the optimized

parameters from DoE.
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2.2.4.4 Evaluation of Sensing Performance of SPCE/MWCNT-S-Au/MIP in different

matrices

The final sensor (SPCE/MWCNT-S-Au/MIP) was tested to evaluate its performance both in

PBS and in a more complex biological matrix that is fetal bovine serum (FBS).

First, the response in PBS was studied by performing DPV measurements of 8 solutions of
serotonin (from 1pmol L1 to 25 pumol L-1), using the optimized conditions derived from DoE.
The addition of the MIP to the design of the sensor led to a decrease of the sensitivity and
higher LOD with respect to SPCE/MWCNT-S-Au. Moreover, the linear range of concentration
shifted from 1 - 16 pmol LI to 7.5-25 pmol L-1. The worsening of the performance was
imputed to the MIP covering the electroactive material surface and slowing down the

diffusion of the analyte towards the catalytic sites.

To favor the diffusion of serotonin through the polymeric network and enhance sensitivity,
adsorptive stripping was applied to pre-concentrate serotonin on the surface of the working
electrode and in the polymeric network, before sweeping the potential.®3 This way, it was
possible to fully exploit two characteristic properties of the MIP that are its high

capacitance® and the selective supramolecular interactions.

As serotonin is positively charged at neutral pH, the application of negative potentials was
investigated to foster the migration of serotonin molecules towards the electrode surface.
The application of a potential of -300 mV for 10 s before each measurement was found out
to be effective in increasing the response of the sensor (Figure 33). Moreover, the use of
negative polarization can be beneficial by repelling negatively charged species, like uric acid,

which was previously identified as the major interfering agent for this system.
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Figure 33 a) Pre-accumulation of 5-HT on the surface of the electrode; b) calibration curves
for 5-HT with SPCE/MWCNT-S-Au/MIP with and without adsorptive stripping. Calibration
curves were obtained from DPV measurements in a potential window comprised between 0.1

and 0.4 V, with the optimized parameters from DoE.

In the final conditions, by implementing the pre-accumulation step, the sensor exhibits a
broader linear range, from 2.5 to 20 pmol L-1, with excellent linearity (R = 0.99901),
sensitivity of 8.0 pA L pmol-! cm2 and a LOD of 1.7 pmol L1 (Figure 34a, b). Furthermore,
the presence of the MIP enhances repeatability and reproducibility, with SD of 4.4% and
1.1% respectively (Figure 34c, d), solving the problems of adsorption and passivation
shown with SPCE/MWCNT-S-Au. This level of reproducibility is better than most sensors

previously reported in literature (
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Table 9).
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Figure 34 a) DPV response of SPCE/MWCNT-S-Au/MIP to different concentrations of 5-HT in
PBS; B) calibration curve for SPCE/MWCNT-S-Au/MIP in PBS; c) repeatability data for
detection of 5-HT with MWCNT-Au/SPCE; d) reproducibility data for detection of 5-HT with
MWCNT-Au/SPCE.
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Table 9 Comparison of different electrochemical sensors from literature, for detection of 5-

HT, in differential pulse voltammetry.
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(1) It is not reported how o is calculated. (2) o is calculated as the standard deviation among

blank measurements. (3) o is calculated as the standard error on the linear regression.
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At concentrations higher than 20 pmol L1, a limit current and plateau are reached. By CV, it
was possible to understand the cause of the observed behavior, studying the correlation
between the scan rate and the current intensity. The scan rate influences the peak current,
since usually faster scan rates produce higher currents.84 The correlation between the peak
current and the scan rate, for electrochemically reversible processes involving redox species
that are freely diffusing from bulk solution to the surface of the electrode, is expressed by

the Randles-Sevcik equation (Equation 4).

1
anD)z

Equaﬁ0n4'ip::&446nFAC°< —

Where:
e ip(A)isthe peak current;
e nisthe number of electrons involved in the redox process;
e Fisthe Faraday constant (=96 485.3321 s A mol-1);
e Ais the area of the electrode (cm?);
e (Yisthe concentration of the analyte (mol cm-3);
e D is the diffusion coefficient of the analyte (cm? s1);
e Risthe ideal gas constant (=8,314472 ] K- mol-1);
e T (K)is the absolute temperature;
e visthe scanrate (Vs1).

On the other hand, when adsorption of the analyte onto the surface of the electrode is
involved in the reaction mechanism, the system does not follow the Randles-Sevcik equation,

but Equation 5.

_ n?F?
Equation5 | =

Al
P~ ARt "

Where I'* (mol cm-2) is the coverage factor.84 Therefore, it is possible to understand if an
electrochemical process is diffusion-dependent or adsorption-dependent, by performing
CVs at different scan rates and studying the evolution of ip. If iy is linearly dependent on v/2,
the process is diffusion-dependent, while on the contrary, if ip is linearly dependent on v, the

process is governed by adsorption.
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As shown in Figure 35, for oxidation of serotonin at the interface of SPCE/MWCNT-S-Au,

electron transfer takes place via a surface-adsorbed species, since i increases linearly with

v (R? = 0.9982).
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Figure 35 a) Cyclic voltammograms of 12 umol L1 solution of serotonin at different scan

rates with MWCNT-S-Au/SPCE; b) Linear dependence of peak current vs scan rate.

From these data, it is possible to affirm that at concentrations higher than 20 pmol L-1 the
catalytic sites of the electroactive material are saturated, consequently to serotonin

adsorption.

Finally, we demonstrated that the sensor functions in complex matrix, by performing sensing
of serotonin in spiked solutions of FBS. This medium provides a challenging proving ground
for the proposed sensor, since it contains more than 1,000 different components, including
small molecules such as hormones and lipids, and bigger species like proteins. The test in
FBS demonstrates the importance of the MIP for the design of this sensor, as in absence of
the MIP, the exposed surface of the electrocatalytic material is easily attacked by
biomolecules, which adsorb irreversibly on the surface of the electrode and passivate it. As
aresult of the adsorption, a severe shift of the oxidation potential and loss of sensitivity affect

the sensor (Figure 36a).

The introduction of the MIP prevents the fouling of the electrode surface, blocking most
biomolecules far from the catalytic surface. As a result, the response of SPCE/MWCNT-S-
Au/MIP is maintained in FBS, with no significant potential shift (Figure 36b), and is linear
in the concentration range of 1-12 umol L1 (Figure 36c), with Rz = 0.9922. The sensitivity
(6.7 pA L pmol! cm2) and LOD (1.0 umol L-1) are comparable to data retrieved in PBS. The
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oxidation current registered when no serotonin is spiked can be attributed to serotonin and

uric acid that are naturally occurring in FBS.
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Figure 36 a) DPV response of SPCE/MWCNT-S-Au to different solutions of 5-HT in FBS/PBS
1:4; b) DPV response of SPCE/MWCNT-S-Au/MIP to different concentrations of 5-HT in
FBS/PBS 1:4; c) calibration curve for SPCE/MWCNT-S-Au/MIP in FBS/PBS 1:4.
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2.2.5 Design of Electrochemical Sensor for Dopamine at Cellular Level

MWCNT-S-Au were implemented in a voltammetric and amperometric electrochemical
biosensor for detection of dopamine at cellular level. The sensor design is based on a
modified indium tin oxide (ITO) coated glass that serves as working electrode, in a three-
electrode setup with a Ag/AgCl microelectrode as reference and a platinum wire as counter
electrode. The final sensor is meant to detect real-time variations of dopamine concentration
in neuronal cell cultures, directly grown on the surface of the modified working electrode.
This function may be extremely useful for in vitro screening of drugs for neurodegenerative

diseases targeting directly the activity of dopaminergic neurons.

The first step for the manufacture of the sensor was the fabrication of squared wells by 3D-
printing, which were attached on the surface of the pristine ITO coated glass. These wells are
used for the incubation and growth of neuronal cells in cell culture media. The inside of the
wells and the surface of the ITO coated glass were subsequently covered with a layer of
pristine MWCNTs, by dropcasting. The pristine MWCNTSs greatly enhance the active surface
of the electrode, favoring the charge transfer from the catalytic sites to the ITO surface.
Finally, MWCNT-S-Au are deposited by dropcasting on top of the MWCNTSs, to serve as
electrocatalytic sites for dopamine oxidation. Figure 37 illustrates the design of the final

sensor.

101



Ag/AgCl Platinum wire
Reference \ Counter
Electrode \’ Electrode

3D-Printed
Culture

Well Neurons

MWCNT-S-Au

Working Electrode

Glass Slide

Figure 37 Schematic representation of the sensor setup for dopamine detection at cellular

level.

2.2.5.1 Neuron Differentiation from Induced Pluripotent Stem Cells

To test the performances of the obtained sensor for in vitro detection of dopamine, a positive
and a negative control were necessary. The positive control consisted of dopaminergic
neurons, i.e. neurons that produce dopamine through tyrosine hydroxylase (TH).8> The
negative control consisted of glutamatergic neurons that do not express TH, and use
glutamate as main transmitter.8¢ The different types of neurons were all grown from human
induced pluripotent stem cells (iPSC), by a chemical and genetical induction, via two

neurogenic factors from viral vector transfection.

First, a protocol for the differentiation of neuronal cells on MWCNTs was established,
monitoring the growth of neurons in vitro. Bright field optical microscopy, fluorescence
microscopy with immunostaining and quantitative PCR were used to follow their maturation

and to assess their degree of differentiation.

Bright field images show how iPSCs diversify in 25-30 days, going from the almost spheroidal
shape typical of undifferentiated stem cells of Figure 38a, to the branched neuronal network

with well-formed axons of Figure 38b.
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Figure 38 a) iPSCs at day 0 after viral transfection; b) fully differentiated dopaminergic

neurons from iPS cells, at day 25.

Immunostaining of dopaminergic neurons was performed with neurofilament H antibody
and TH antibody assays. Neurofilament H antibody staining (Figure 39a) highlights the
formation of mature axons constituting the neuronal network. TH antibody staining (Figure
39b) assesses the presence of TH in neurons, which is fundamental requirement to define

neuronal subtype and neuronal phenotype confirmation.

Figure 39 Merged confocal image of iPSC-derived dopaminergic neurons grown on MWCNT-
S-Au, with Neurofilament H antibody staining (yellow channel), TH antibody staining (green
channel) and DAPI highlighting the nuclei (blue channel).

The gene expression of TH was monitored also by quantitative PCR, by amplifying the

corresponding mRNA strand. As shown in Figure 40, the expression for the mRNA coding
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the synthesis of TH increases sensitively going from the undifferentiated cells (PUNA) to the
mature dopaminergic neurons (DOP), but does not change when compared to glutamatergic
neurons (GLUT). Moreover, it is interesting to see how, for the same PCR, the presence of
MWCNTs fosters the growth and differentiation of neurons (DOP/MWCNTs), leading to huge
enhancement of the TH gene expression.
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Figure 40 Data for TH gene expression from PCR performed on a) dopaminergic neurons

from iPS cells and b) glutamatergic neurons from iPS cells.

2.2.52 Optimization of Electrocatalytic Performance of MWCNT-S-Au for Dopamine

Once the protocol for the cell differentiation on MWCNTSs was established, it was necessary
to optimize the electrochemical response of the sensor. Once again, the technique of choice
is DPV, for its superior sensitivity and the possibility of eliminating background
interferences. Using the same factorial design presented for serotonin detection, DoE was
performed to optimize the experimental conditions for electrocatalytic oxidation of
dopamine with MWCNT-S-Au as electrocatalyst. Using the same equations (Equation 1, 2
and 3), we defined the figures of merit for dopamine oxidation, which are reported in Figure
41. The optimal values of MA and MT to optimize FoM3 were interpolated from Figure 41c
and are 0.057 V and 0.062 s respectively.
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Figure 41 3D colormaps for the function derived from multiple regression of a) FoM1, b)
FoMZ2 and 3) FoM3 for dopamine oxidation.

2.2.5.3 Evaluation of Sensing Performance of ITO/MWCNT-S-Au

Sensing of dopamine was performed in Krebs-Ringer buffer. This is a bicarbonate buffer that
provides neurons with an isotonic environment, ensuring homeostasis, but at the same time
itis free of growth factors and hormones used during the differentiation phase, which could

interfere with the measurement.

First, to test the optimized conditions from DoE, a modified ITO coated glass with MWCNT-
S-Au (ITO/MWCNT-S-Au) was used to perform a calibration of the sensor in absence of cells.

In Krebs-Ringer buffer, the voltammogram presents an intense peak centered at 0.166 V
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(Figure 42a). The LOD was calculated to be 62.2 nmol L and the response is linear in the

concentration range going from 0.062 to 10 pumol L-1 (Figure 42b).
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Figure 42 a) DPV response of different concentrations of dopamine in Krebs-Ringer buffer; b)

calibration curve in the concentration range from 0.005 to 10 umol L.

2.2.5.4 Detection of Dopamine at Cellular Level

The final step was to carry out detection of dopamine in presence of the neuron culture. In
the optimized experimental conditions from DoE, it was possible to detect dopamine
produced by dopaminergic neurons upon application of two different stimuli: KCl was added
to increase the concentration of K* ions in the medium, causing depolarization of the cellular
membrane and inducing the release of more dopamine at the level of synapses.8” On the
other hand, benztropine, which is a common drug used for treatment of depression, was
used to observe the effect of the inhibition of dopamine reuptake.888° In both cases, the
modified electrode with dopaminergic neurons (ITO/MWCNT-S-Au/DOP) showed an

increase of the signal correlated with dopamine oxidation (Figure 43a).
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Figure 43 DPV of dopamine produced in vitro with a) ITO/MWCNT-S-Au/DOP and b)
ITO/MWCNT-S-Au/GLUT.

When the same experiment was carried out with the modified electrode with glutamatergic
neurons (ITO/MWCNT-S-Au/GLUT), no peak was recorded for dopamine oxidation, either

before or after the external stimulation (Figure 43b).

The peak recorded before addition of KCl and benztropine in DOP neurons can be related to
the basal production of dopamine by the DOP neurons. However, the signal could be induced

by the application of the potential pulses in DPV, which could stimulate the DOP neurons’
activity.

To rule out the effect of the potential variation, the release of dopamine was studied also in
chronoamperometry (CA). As for CA the potential applied is constant, any variation of
current is caused only by the specific response of the neurons to chemical stimuli. As shown

in Figure 44, the faradaic current registered increases by 85 nA upon addition of KCl and

again by 73 nA upon addition of benztropine.
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Figure 44 Chronoamperogram of ITO/MWCNT-S-Au/DOP with addition of KCI (yellow) and
benztropine (light blue).

These data from CA are interesting not only because they demonstrate that the DPV response
is chemically induced and does not depend on the application of consecutive potential
sweeps, but also because it shows that the sensor can be used for real-time monitoring of

cell activity.

2.3 Conclusions

In conclusion, a new nanocomposite, based on MWCNTSs functionalized with MVS AuNPs,
was synthesized and successfully applied for voltammetric sensing of two monoamine

neurotransmitters, serotonin and dopamine, in complex biological matrices.

To anchor the MVS AuNPs, MWCNTs were functionalized with thiol groups. The
functionalization was carried out with an addition-cleavage approach that allowed
protecting SH moieties before the anchoring of the AuNPs, and at the same time controlling
the length of the linkers, minimizing the distance between the catalytically active sites of
AuNPs and the conductive transducing material. This resulted in improved electron transfer,
which in turn enhanced the sensitivity of the final sensors. The material proved
electrocatalytic for not only serotonin and dopamine, but also for the oxidation of other
phenolic compounds such as epinephrine, gallic acid and 2-chlorophenol, and for reduction

of hydrogen peroxide and oxygen.
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The nanocomposite was used to design a voltammetric sensor for serotonin. First, MWCNT-
S-Au were deposited on the working electrode of commercial screen-printed carbon
electrodes. Then, a molecularly imprinted polymer selective for serotonin was used to
complete the sensor design, providing antifouling properties and enhancing selectivity of the
sensor. The polymer was electropolymerized in situ, growing as a thin layer (7.5 nm) on the
surface of MWCNT-S-Au. The polymer is characterized by high capacitance, which was
exploited to pre-accumulate the analyte in its cavities, by applying negative polarization
before each measurement. The performances of the sensor for serotonin sensing were
optimized by application of DoE, reaching optimal conditions in terms of sensitivity, LOD and
resolution. The final sensor was able to detect serotonin in few seconds in a range of
concentration comprised between 1.6 and 20 pmol LI, demonstrating its potential in
monitoring of diseases correlated with high blood concentration of serotonin, such as

serotonin fatal syndrome, carcinoid syndrome or coronary artery disease.

MWCNT-S-Au were implemented also in the design of a voltammetric and amperometric
sensor for detection of dopamine at cellular level. In this case, MWCNTs and MWCNT-S-Au
were deposited on ITO-coated glass slides that functioned as working electrodes, inside a
PLA cubic cell. Then, neurons were grown and differentiated from iPS cells directly on
MWCNT-S-Au: dopaminergic neurons, which produce dopamine as main transmitter, were
used as positive control, while glutamatergic neurons that use glutamate as transmitter
served as negative control. The final sensor was able to detect dopamine at cellular level, and
to monitor fluctuation of dopamine concentration upon chemical stimulation of the cells, by
addition of KCl and benztropines. This technology could prove extremely helpful for
screening of drugs and treatments for neurodegenerative disease, as a responsive platform

for in vitro studies.

109



2.4 Experimental Section

2.4.1 Materials and Instruments

MWCNTSs were purchased from Nanostructured & Amorphous Materials Inc. and purified as
described in section 2.4.4. 4-aminothiophenol was purchased from TCI chemicals and used
without further purification. All other reagents and analytes were purchased from Sigma

Aldrich and used without further purification.

1TH-NMR spectra were registered with a Varian 400 MHz spectrometer (1H: 400 MHz, 1°F:
376 MHz, 13C: 101 MHz). Fourier transform infrared spectroscopy (FTIR) spectra were
registered using a FT-IR Bruker Invenio-X in attenuated total reflectance (ATR) mode with

diamond crystal.

Differential Scanning Calorimetry (DSC) measurements were performed on Discovery DSC
250 (TA Instruments), where 2.6 mg of DTDBBF4+ were weighed in a Tzero Aluminium

Hermetic pan and were heated from 25°C to 250°C, with a ramp of 5°C/min.

Thermogravimetric analysis (TGA) measurements were carried out with a TGA Discovery
(TA Instruments), where 0.5 mg of material were weighed in a Platinum HT pan and were
heated in N2 atmosphere (for MWCNTSs, disulfide-functionalized MWCNTs, MWCNT-SS, and
thiol-functionalized MWCNTs, MWCNT-SH) or air (for MWCNTs and gold-nanoparticles-
functionalized MWCNTs, MWCNT-S-Au). First, an isotherm at 100°C was applied 20 min,
subsequently the samples were heated to 800°C with a ramp of 10°C/min.

X-ray Photoelectron Spectroscopy (XPS) spectra were registered with an XPS/UPS - SPECS
SAGE HR-100 equipped with a 100 mm radius PHOIBOS analyzer, where 421 Mg Ka X-ray
source was used. The samples were prepared by drop-casting 80 pL of a 0.5 mg/mL
suspension of material in Milli-Q water, on a gold-coated substrate (for MWCNTs, MWCNT-
SS, MWCNT-SH) or silicon oxide substrate (for MWCNT-S-Au). The samples were then let dry
under vacuum. The spectra were fitted using CasaXPS and calibration was performed using
the major component of the C high-resolution spectrum as a reference at 284.5 eV, which is

the value reported for sp2 carbon for CNTs.?°

For inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer
Optima 8000), the metal-containing acetone solution (0.5 mL) was heated over a heating
plate in a porcelain crucible, in the presence of aqua regia (2 mL), four times and the solid
residue was dissolved in 0.5 M aqueous HCI and diluted with de-ionized water to a final

volume of 50 mL.
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For inductively coupled plasma mass spectrometry (ICP-MS) analysis, Thermo Fisher iCap-
Q, equipped with a He gas kinetic energy discrimination (KED) collision/reaction cell, was
used. MWCNT-S-Au were digested in 2 mL of a HCI/HNO3 (1:3) mixture, in a microwave
digester, applying a ramp of temperature of 10 °C/min from 25 °C to 200 °C. The obtained

solution was diluted to 10 mL with milliQ water, prior to the analysis.

Transmission electron microscopy (TEM) micrographs were obtained with a JEOL JEM-1400
PLUS transmission electron microscope equipped with a GATAN US1000 CCD camera,
operating at an acceleration voltage of 120 kV. The samples were prepared by drop-casting
5 pL a 0.1 mg/mL suspension of material on carbon film 300 mesh copper grids, purchased
from Electron Microscopy Sciences. The statistical dimensional analysis of gold

nanoparticles was executed with Fiji software.

All electrochemical measurements were carried out using an electrochemical workstation
Autolab MSTAT204 potentiostat/galvanostat (Metrohm Autolab) interfaced to a PC with
Nova 2.1.6 software, at laboratory room temperature (25°C). Commercially available SPCE
(DRP 110, provided by Metrohm Dropsens) were used to study the electrocatalytic activity
of MWCNT-S-Au and to manufacture the final sensor, SPCE/MWCNT-S-Au/MIP. GCE (Ref.
609395014, provided by Metrohm) was used to study electrocatalytic activity of MWCNT-S-
Au for all other analytes. ITO-coated glass slides for manufacture of the sensor for dopamine

at cellular level were purchased from SPI Supplies (Ref. #06485-AB).

Scanning electron microscopy (SEM) images were obtained using JSM7200F JEOL at 3 to 10
kV. For the characterization of AuNPs, a lower electron detector (LED) was used instead of

the upper secondary electron detector (USD).

Fluorescence micrograph of neurons with immunostaining were obtained using a Zeiss LSM
900 with Airyscan 2, equipped with three Ar laser excitation sources (458, 488 and 514 nm),
DPSS (561 and 590 nm) and HeNe (633 nm), coupled to a MaiTai DeepSee multiphoton laser
with variable excitation range (690 to 1040 nm). Cells were stained with, Purified anti-
Neurofilament H (NF-H), Nonphosphorylated Antibody (#SMI-32P, purchased from
BioLegend), Anti-TH Antibody (AB152, purchased from Sigma-Aldrich) and DAPI staining
(purchased from Sigma-Aldrich).
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2.4.2 Synthesis of 4,4’-dithiodibenzenediazonium tetrafluoroborate

To synthesize 4,4'-dithiodibenzenediazonium tetrafluoroborate (DTDBBF4), first 4-
aminothiophenol (ATP) was oxidized to dithiodianiline (DTDA). 2 g of ATP were dissolved
in 300 mL of H20/EtOH (1:1) mixture, then 1.25 eq of H202 and 0.15 eq of NH3 were added
to the solution, which was left stirring at room temperature for 2 hours. DTDA was extracted
with DCM, washing twice with H20 and finally the organic phase was dried over Na2S04 and
the solvent was evaporated to isolate the product. DTDA was obtained with a quantitative
yield and characterized by 1H-NMR. (DMSO-d6, § = 7.06 (m, 4H), 6.56 (m, 4H), 5.49 (s, 4H),
Figure 45 1H-NMR gspectrum of DTDA in DMSO-d6.)
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Figure 45 1H-NMR spectrum of DTDA in DMSO-de.

Subsequently, the obtained DTDA was dissolved in 60 mL of glacial acetic acid and 12 mL of
HBF4 were added. While stirring, 6 mL of isopentyl nitrite were added dropwise. The mixture
was left stirring for 45 minutes and then 100 mL of Et20 were poured into the reaction
mixture and the flask was stored at -20°C overnight. Finally, DTDBBF4+ was isolated by
filtration and characterized by 1H-NMR (DMSO0-d6, 6 = 8.61 (m, 4H), 8.14 (m, 4H), Figure 46)
and ATR-FTIR (2264 cm'1(N=N), 1552 cm-1(Aromatic C=C), 1054 cm-1(BF4’), 521 cm-1(S-S),
Figure 47).62
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Figure 46 'H-NMR spectrum of DTDBBF4+ in DMSO-d6. The formation of the diazonium salt is
followed by a shift in the chemical shift of the aromatic protons and the loss of the peak

related to the amine.%?
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Figure 47 a) FT-IR spectrum of DTDBBF4 registered in the solid phase in ATR mode. The
characteristic peaks at 2264 cm'! (R-N+=N), 1552 cm™! (Aromatic C=C), 1054 cm! (BF4-),
and 521 cm (S-S) are highlighted;? b) DSC analysis of DTDBBF4, highlighting the stability of

the diazonium salt until 100 °C, and an exothermic decomposition peak at 136 °C.”!
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243 Metal Vapor Synthesis of AuNPs

In a typical experiment, Au vapors, generated at 10-> mBar by resistive heating of the metal
(100 mg of Au chips) in an alumina-coated tungsten crucible, were co-condensed at liquid
nitrogen temperature (- 196 °C) with acetone (100 mL) in the glass reactor chamber of a
previously described MVS reactor [34] for 1 h. The reactor chamber was then heated to the
melting point of the solid matrix (ca. — 95 °C), and the resulting deep purple solution (95 mL)
was siphoned and handled at low temperature (- 20 °C) with the Schlenk tube technique.
The gold content of the acetone solution was calculated from ICP-OES, and resulted in 0.57

mg mL-1.

2.4.4 Synthesis of MWCNT-S-Au

MWCNTSs were first purified, by sonication in 6M HCl for 6h in a sonicating bath, then
recovered by filtration and washed with Milli-Q water until neutral pH was reached. The XPS
confirmed that they are mainly composed of C (96.80%) with a low degree of O (3.20%). The
survey and high-resolution spectra of the purified MWCNTs confirmed the absence of

contaminations by Fe and other metals.

MWCNTSs were functionalized by a SET reaction with the previously synthesized DTDBBFa.
60 mg of MWCNTs were suspended in 60 mL of dimethylformamide (DMF), by sonicating for
5 minutes in a sonicating bath. The suspension was heated at 80°C and 1.114 g (0.5 eq for
each carbon atom) of DTDBBF4 were added. The mixture was left stirring overnight and the

product, MWCNT-SS, was isolated by filtration, washing twice with DMF and EtOAc.

To obtain the final MWCNT-SH, MWCNT-SS were reduced with tris(2-
carboxyethyl)phosphine (TCEP). A solution was prepared by dissolving 250 mg of TCEP in
50 mL of phosphate buffer solution at pH= 7. 50 mg of MWCNT-SS were then dispersed in 50
mL of Milli-Q water by sonicating for 5 minutes and the TCEP was added. The mixture was
left stirring overnight and finally, the product was isolated by filtration washing with 1 L of

Milli-Q water.

Au NPs-acetone solution (was then added to a suspension containing the MWCNT-SH (or
MWCNT-SS) (50 mg) in acetone (5 mL). The mixture was stirred over night at 25 °C. The Au
NPs solution was removed and the solid was washed with n-pentane (3 x 10 mL) and dried

under reduced pressure.
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2.4.5 Electrochemical Characterization of MWCNT-S-Au

The electrocatalytic activity of MWCNT-S-Au was evaluated by Linear Sweep Voltammetry
(LSV). In the case of serotonin, 10 pL of a 0.5 mg/mL suspension of MWCNT-S-Au were drop-
casted on the surface of the working electrode of an SPCE; for all other molecules, the
electrocatalytic activity was assessed with a GCE, dropcasting 5 pL of a 0.5 mg/mL

suspension of MWCNT-S-Au.

For serotonin, upon drying, 60 pL of a 12 pmol L-! solution of 5-HT in phosphate buffer (PBS)
0.1 mol L-* and KCI 0.1 mol L' (pH= 7.0) were cast on the surface of the SPCE/MWCNT-S-Au
and LSV was carried out by scanning applied potential from 0.1 to 0.4 V, with a scan rate of

20 mV/s.

For all other analytes, the modified GCE was immersed in 20 mL of 5 mmol L-! analyte
solution in PBS 0.1 mol L-1 KCI 0.1 mol L-1. LSV was carried out in different potential ranges

(depending on the analyte), with a scan rate of 20 mV/s.

Cyclic Voltammetry (CV) was used to study the mechanism of oxidation of 5-HT at the
interface. The applied potential was scanned from 0 to 0.5 V, at different scan rates, ranging

from 20 to 65 mV/s.

2.4.6 Design of Experiment for Sensing of Serotonin

DPV was used to perform sensing of 5-HT. The applied potential was scanned from 0.1 to 0.4
V, with a step potential of 5 mV and an interval time of 250 ms. The baseline was subtracted
from the obtained voltammograms with a moving average baseline model. Modulation time

(MT) and modulation amplitude (MA) were optimized by DoE.82

2.4.7 Manufacture of the Electrochemical Sensor for Serotonin

15 pL. of MWCNT-S-Au dispersion (1mg/mL) in Milli-Q water was drop-casted onto the SPCE
surface. Then, 70 pL of a 1.15 mmol L-1 solution of pyrrole, in the presence of 5-HT (200
mmol L1), were deposited onto the resulting SPCE/MWCNT-S-Au. MIP-modified
SPCE/MWCNT-S-Au was obtained by performing 5 cycles of CV (0 V to +1.00 V, 100 mV/s)
using 0.1mol L-1 PBS enriched with 0.1 mol L-! of KCl (pH7) as an electrolyte (Figure 48a).
Subsequently, the embedded 5-HT was eliminated by scanning between - 0.6 and +1.00 V in
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0.1 mol L1 phosphate buffer solution (pH 7.4) for several cycles until no oxidation peak for
5-HT was observed (Figure 48b).
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Figure 48 Cyclic voltammograms registered during a) the MIP electro-polymerization and b)
the cleaning process of the SPCE/MWCNT-S-Au/MIP (scan rate of 100 mV/s, PBS 0.1M KCI
0.1M).

Different concentrations of pyrrole were tested. The use of concentration higher than 1.15
mmol L1 led to the overgrowth of polymer on the surface of the electrode (Figure 49),

causing higher passivation and negatively influencing the performance of the sensor.

Figure 49 SEM image of MWCNT-Au-MIP/SPCE polymerizing with 26 mmol L pyrrole.
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As a control, a non-molecularly imprinted polymer (NIP) modified SPCE/MWCNT-S-Au
(SPCE/MWCNT-S-Au/NIP) was also prepared and treated in the same way, except for the

omission of 5-HT in the electro-polymerization process (Figure 50).

Figure 50 SEM image of MWCNT-Au-NIP/SPCE.

In addition, a lower electron detector (LED) was used instead of the upper secondary
electron detector (USD) to prove that the AuNPs were not affected after the polymerization
(Figure 51). Brighter spheres can be observed, confirming the presence of the metallic

particles below the MIP layer.

Figure 51 SEM images of MWCNT-Au-MIP/SPCE using a Low Energy Detector (LED) at

different magnifications.
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24.8 Detection of Serotonin and Evaluation of Sensing Performances

The dose-dependent responses of SPCE/MWCNT-S-Au and SPCE/MWCNT-S-Au/MIP were
evaluated. In the optimized conditions obtained from the DoE, analyzing 11 solutions spiked
with different concentrations of 5-HT (0.5 pmol L1, 1 pmol L-1, 2.5 pmol L1, 5 pymol L1, 7.5
pumol L1, 12 pmol L1, 16 pmol L-1, 20 pmol L1, 25 pmol L1, 40 pmol L-1, 50 pmol L1). 0.1 M
of PBS enriched with 0.1 M of KCl was used as a supporting electrolyte. For SPCE/MWCNT-
S-Au/MIP, a potential of -300 mV was applied for 10 s before each measurement to favor the

accumulation of the analyte in the MIP.

The LOD was determined as 3 times the standard error from the linear regression on the
calibration curve. Sensitivity was calculated as the ratio between the slope of the calibration
curve (pA L umol-1) and the geometric surface area of the Dropsens electrode (~0.126 cm?).
Repeatability was determined by recording 3 consecutive calibration curves with the same
sensor and by determining the standard deviation of the obtained slopes. Reproducibility
was determined by recording 3 calibration curves with 3 different sensors and by

determining the standard deviation of the obtained slopes.

To evaluate the influence of interfering agents, solutions of DA, tryptophan (TRP), uric acid
(UA), and ascorbic acid (AA), at the concentrations of 50 mmol L-1 in PBS/KCI 0.1 mol L1,

were prepared and measured, in a potential window comprised between -0.2 and 0.5 V.

2.4.9 Manufacture of the Electrochemical Sensor for Dopamine

ITO-coated glass slides were cut with diamond-tip cutter to obtain 0.75 x 1.5 cm slides.
Subsequently, poly(lactic acid) (PLA) 3D-printed squared wells, 0.75 x 0.75 cm, were
attached on the electroactive surface of one end of the rectangular slide, using a 1:10 solution
of poly(dimethylsiloxane) (PDMS). Upon drying, the electroactive surfaces inside the PLA
wells are functionalized with 60 pL of MWCNTSs aqueous suspension (1 mg/mL) and let dry.
Then 120 pL. of MWCNT-S-Au suspension (0.5 mg/mL) are dropcasted on top of the MWCNT

layer. Finally, the electrodes are dried on a heating plate at 50 °C.

Before proceeding with seeding and culture of neuronal cells, the sensors are exposed to UV

lights for 30 minutes and then the interior part of the 3D-printed wells is rinsed with PBS.
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Chapter III

Electrocatalytic Properties of Crystalline Phases of
Molybdenum Disulfide for Hydrogen Peroxide
Reduction and Non-Covalent Functionalization of 1T
Nanosheets

Abstract

One of the key characteristics that determines the chemical and physical characteristics of
two-dimensional molybdenum disulfide (2D MoSz) is its crystalline phase. However, this
parameter is not taken into account in 80% of the research examining the electrocatalytic
characteristics of 2D MoSz. In this chapter, a thorough electrochemical and colorimetric
study is carried out to shed light on the influence of the crystalline phase and morphology of
2D MoS: in the electrocatalysis of the H202 reduction reaction (HPRR). The results highlight
the superior catalytic activity of 1T phase and the difference in catalytic performances
between 1T-MoS2 nanosheets and nanoflowers.

The second part of the chapter focus on the development of a non-covalent functionalization
approach to introduce primary amines on 1T-MoS2 nanosheets, which could be exploited for

further derivatizations of the materials for sensing applications.

3.1 Introduction

3.1.1 Molybdenum Disulfide as Sustainable Electrocatalyst

Two-dimensional molybdenum disulfide (Mo0S2) is one of the most studied members of the
large family of graphene-like materials known as transition metal dichalcogenides (TMDs).
One of the most important properties of MoS2 and other TMDs is the dependence of their
band gap on the number of layers?! and crystalline phase.?

In particular, 2D MoS:2 can exist mainly in two distinct phases: the metastable 1T phase has
an octahedral structure and is metallic, while the thermodynamically stable 2H phase has a
hexagonal lattice, operates as a semiconductor, and has a direct band gap of 1.8 eV.3

From optoelectronics* to memory storage,>® from solar cells” to biomedical applications,8

MoS2 has emerged as an incredibly promising material.? Its outstanding mechanical
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qualities, broad surface area, affordability, and tunability of electronic properties all

contribute to its enormous success.

MoS: is considered a promising material for electrocatalysis, as it could represent a viable
solution for some of the major issues that modern society is currently facing, in the fields of
environmental remediation and energy conversion and storage. A noteworthy example is
the electrocatalytic synthesis of green hydrogen, in which MoS2 stands out as sustainable

alternative to the expensive catalysts based on noble metals like platinum.10.11

MoS: has been studied as well as electrocatalyst for nitrogen reduction reaction (NRR) as
alternative to the Haber-Bosch process, the most used industrial process for the production

of ammonia,2 and for oxygen reduction reaction (ORR), necessary for fuel cell technology.13

The design of electrochemical sensors and biosensors can benefit greatly from
electrocatalytic activity of MoSz. In particular, its reported peroxidase-like activity makes it

a potential tool for detection of hydrogen peroxide (H202).

3.1.2 The Role of Hydrogen Peroxide in the Human Body

H202 is the most important redox metabolite of human body, involved in redox sensing,
signaling and redox regulation within many physiological processes.1* At intracellular level,
it is mostly produced in the mitochondria and by monoamine oxidases,’> while at
extracellular level the concerted activity of phagocyte NADPH oxidase and superoxide

reductase/dismutase is its main source.16-18

At physiological concentrations (1-100 nmol L1 at intracellular level, 1-5 pmol L1 in
plasma)1417 H202 plays the role of redox mediator, regulating the function of peroxidase
enzymes like thiol peroxidases for reversible oxidation of cysteine in proteins,1° as well as
transcription factors.2? The occurrence of pathological conditions determines variations of
H202 concentration, leading to inflammation and oxidative stress.

Increased levels of H202 in biofluids (blood, lymph, bile) are associated with the progression
of tumor metastasis?! Alzheimer’s disease,?223 Parkinson’s disease?4-26 and dermatologic
diseases like atopic dermatitis.27.28

As a consequence of its role in several physiological and pathological processes, the design
and improvement of sensing device for H202z is an ever-growing field of research. Moreover,
H202 is a useful mediator for enzymatic electrochemical sensors. Since many

oxidoreductases, such as lactate oxidase and glucose oxidase, produce H202 as a byproduct,
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it is possible to design composite electrochemical sensors that combine an electrocatalyst

for H202 as a transducer and an oxidoreductase enzyme as a bioreceptor.29-31

3.1.3 Molybdenum Disulfide as Peroxidase Mimic

The catalytic activity of MoS: for electrochemical reduction of H202 was first reported by T.
Wang et al,, back in 2013.32 In their work, a top-down approach, based on exfoliation in NMP,
was used to obtain ultrasmall MoS:z nanoparticles that were immobilized on a glassy carbon
electrode (GCE). The modified GCE catalyzed the reduction of H202, anticipating the
reduction peak at -0.5 V. Moreover, they demonstrated that the response was dependent on

the size of nanoparticles, as smaller nanoparticles gave higher electrocatalytic effect.

Later, in 2015, X. Guo et al.33 used the catalytic activity of MoS: for a colorimetric assay of
H202 based on 3,3’,5,5’-tetramethylbenzidine (TMB). To synthesize MoS2, they used a
hydrothermal synthesis, starting from NazMoO4 and L-cysteine, obtaining layered MoSa.
Then they performed the colorimetric assay in acidic pH to demonstrate that the material

behaved as a peroxidase-mimic nanozyme.

Lastly, in 2021 P. Cao et al. used a composite of MoS2 with MoOs and polypyrrole to design a
flexible sensor for H202 detection in living cells.34 In their work, once again a bottom-up
hydrothermal approach was used to synthesize the material, using polypyrrole as nucleation
center for the growth of MoS2 and MoOs. The final sensor could detect H202 with a LOD of
0.18 umol L1

All these works share the fact of never specifically mentioning the crystalline phase of the
synthesized MoS2. To the best of our knowledge, not many studies have examined MoS:2
phase for its peroxidase-mimic activity. Y. Shu et al. did it in their work, where they
synthesized MoS:2 nanoflowers enriched in 1T phase, using a hydrothermal approach with
(NH4)sMo07024 and thiourea as precursors.3> The obtained material was characterized by an
interlayer-expanded structure and was applied in the design of a chronoamperometric with
a LOD of 0.2 pmol L-1. The crystalline phase is completely ignored in the remaining articles.
In general, expanding the survey to more investigated electrocatalytic reactions (e.g., HER,
OER, NRR, and ORR), it is possible to notice that, also in those fields, up to 80% of research

articles still do not consider this fundamental parameter (Figure 52).
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Figure 52 Sankey diagram correlating the number of publications in the field of MoS2
Electrocatalyst with the specific application (middle) and the phase of the material
mentioned in the papers (right). Data: Scopus

3.1.4 Aim of the Project

The aim of the project herein presented is to investigate the electrocatalytic activity of MoS2
for hydrogen peroxide reduction reaction (HPRR), to finally implement this material into

enzymatic electrochemical sensors based on oxidoreductase enzymes.

In the first part of the project, different phases (1T and 2H) and morphologies (1T
nanosheets and 1T nanoflowers) are synthesized, using top-down and bottom-up methods.
The activities of the different materials for HPRR were compared using cyclic voltammetry
(CV), Tafel analysis, and electrochemical impedance spectroscopy (EIS). Furthermore, the
peroxidase-mimic activity of the different phases of MoS2 was investigated by colorimetric
assay based on 3,3’,5,5’-tetramethylbenzidine (TMB) and compared with Pt-based catalysts.
The electrochemical study was performed under the supervision of Dr. Alessandro Silvestri

and Prof. Maurizio Prato.

In the second part, a protocol was developed for non-covalent functionalization of 1T-MoS2
nanosheets with amine-bearing alkylammonium salts. The functionalization is meant to
introduce available amine on the surface of MoSz, for further derivatization and
immobilization of enzymes on the surface of the material. The protocol was developed under
the supervision of Dr. Alessandro Silvestri and Prof. Maurizio Prato, in collaboration with Dr.
Michele Cesco from CICbiomaGUNE, Donosti-San Sebastian, Spain, who carried out part of

the characterization of the functionalized materials (TGA, XPS, STEM-EDX).

133



3.2 Results and Discussion

3.2.1 Synthesis and Characterization of Molybdenum Disulfide

In order to carry out a comparative investigation of electrocatalytic activity of different MoS2
crystalline phases for H202 reduction, both 1T and 2H phases were synthesized, by top-down
approach. In particular, 2D 2H-MoS2 was obtained by ultrasound-aided physical exfoliation
of bulk MoS2 in NMP.3¢ On the other hand, MoS2 enriched in 1T phase was achieved by
chemical exfoliation, which involves intercalation of lithium ions between layers of bulk
MoS: and consequent reduction of the 2H phase to 1T phase. The so obtained 1T-MoS2 will
be indicated as E1T-MoS2.37 To evaluate the effect of the synthetic pathway on the
electrocatalytic performance of MoSz, another batch of low-dimensional MoS:z enriched in
1T-MoS2 was synthesized by bottom-up approach. Specifically, a hydrothermal synthesis
involving MoOs3 and C2HsNS as precursors was used.38 The so-obtained MoS2 will be referred

to as H1T-MoSz. The three synthetic approaches are resumed in Figure 53.
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Figure 53 Synthetic approaches for 2D 2H-MoS2, E1T-MoS2 and H1T-MoS2.

After synthesis, the three materials were characterized thoroughly. UV-Vis and Raman

spectroscopy are techniques commonly used in literature to discern 2H and 1T phases of
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MoS: (Figure 54). As for 2ZH-MoSz, in UV-Vis spectrum the material presents typical bands
at ca. 630 nm and 690 nm, which can be ascribed to A and B excitonic absorption.3%40 The
Raman spectrum of 2H phase exhibits one peak at 377.4 cm-! (Ezg, in-plane vibration) and

one peak at 404.2 cm-! (Aig out-of-plane vibration), in agreement with literature.*!

Both E1T-MoS2 and H1T-MoS2 show two absorption peaks in the UV-Vis spectrum, at 255
nm and 305 nm. In the Raman spectrum, typical vibrational modes associated with 1T phase
are J1 (154.6 cm! for E1T-MoS2 and 152.4 cm! for H1T-MoS2), J2 (229.7 for E1T-MoS:2 and
225.3 cm! for H1T-MoS2) and J3 (327.8 cm! for E1T-MoS2 and 324.6 cm-! for H1T-MoSz2),

associated with vibrations of the zigzag edges of the octahedral structure.*2
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Figure 54 a) UV-Vis spectra and b) Raman spectra of 2ZH-MoSz, H1T-MoSz and E1T-MoS:.

The topology of the materials was investigated by TEM and AFM. Micrographs from TEM
highlighted important differences between the three materials. 2ZH-MoS2 is characterized by
large nanoplatelets with lateral size ranging from 0.2 to 2 pum, with an average size of 616 *
285 nm (Figure 55a, statistical analysis performed on 96 nanoplatelets). H1T-MoS: (Figure
55b) presented peculiar nanoflower structures, a feature already known from literature for
this hydrothermal synthesis.3> The average size of the nanoflowers was determined to be
235 £ 53 nm (statistical analysis performed on 55 nanoflowers). Finally, E1T-MoS2 exhibited
large nanosheets with average lateral size of 874 + 121 nm (Figure 55c, statistical analysis

performed on 43 sheets), characterized by gaps and edges that result in defect-rich surface.
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Figure 55 TEM micrographs of a) 2ZH-MoSz, b) H1T-MoS: and c) E1T-MoS:. Statistical

analysis is included as inset for each micrograph.

By AFM, it was possible to determine the average thickness of the three materials. For 2H-
MoS: (Figure 56a), the average thickness was found to be 1.31 + 0.31 nm, which is consistent
with 2-layer MoS2.43 A similar height profile was determined for E1T-MoS2, with average
height of 1.34 + 0.28 nm (Figure 56b). On the other hand, H1T-MoS: presented high surface

roughness, with height maxima of 5 nm and valleys of 4 nm deep (Figure 56c).
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Figure 56 AFM images of a) 2ZH-MoSz, b) E1T-MoS:z and c) H1T-MoS:z. The height profile is

included as inset for each micrograph.

137



3.2.2 Evaluation of Electrocatalytic Activity of Different Crystalline Phases

To assess the electrocatalytic activity of different crystalline phases, in first instance cyclic
voltammetry was used to define the electrochemical system, the redox processes occurring
and the relative onset potentials. The measurements were carried out with modified GCEs in
oxygen-free solutions of H202 (8mmol L-1), in PBS/KCI buffer. The potential was scanned in

arange between 0.2 and -0.8 V, with scan rate of 10 mV/s, and the resultant voltammograms

are reported in Figure 57.
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Figure 57 Cyclic voltammograms of PBS and of solutions of H202 8mmol L1, with a) 2ZH-MoS:2-
modified GCE; b) H1T-MoSz-modified GCE; c) E1T-MoSz-modified GCE. D) Overlay of
voltammograms registered in the presence of H202 8mmol L1 with modified GCE and Bare

unmodified GCE.
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With all three materials, a cathodic faradaic current can be observed in the presence of H202.
In particular, the overlay of the voltammograms (Figure 57d) shows how the materials
enriched in 1T phase emerge for their superior activity compared to 2H-MoSz, as they
anticipate the reduction peak closer to 0 V, with a maximum at around -0.3 V. Furthermore,
when the GCE is modified with E1T-MoSz, the cathodic current is apparently higher (-224
pA) than what is observed with H1T-MoS2 (-193 pA), and this could be related to a faster

electron transfer.

For both E1T-MoS2 and H1T-MoS2, chronoamperometric studies recorded at -0.3 V showed
that the faradaic current is linearly dependent on H202 concentrations in the range of 0.5 -

8 mmol L1, with R2 =0.9999 and 0.9877, respectively (Figure 58).
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Figure 58 Chronoamperograms registered at -0.3 V H20: solutions at 0.5, 1, 1.5, 2, 4, 6 and 8
umol L1 in PBS 0.1 mol L-1 KCI 0.1 mol L1, with GCE/2H-MoS:2 (pink), GCE/E1T-MoS: (light
blue) and GCE/H1T-MoS: (yellow).

To get a better understanding of the kinetics of the reaction and compare quantitatively the
performance of the different materials, Tafel analysis was applied to the electrochemical
system under study. First, linear polarization experiments were carried out with each
modified electrode. The polarization curves were obtained by plotting the logarithm of the
current density versus the applied potential (Figure 59a). From the minima of the
polarization curves it was possible to interpolate the onset potentials (i.e. the potential at
which the electrochemical process starts) for the electrocatalytic reduction of H202 with the

different materials (Table 10). The large anticipation of the onset potential provoked by
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both E1T-MoS2 and H1T-MoS2, compared with 2H-MoS2 and the bare GCE, further

demonstrates the influence of the 1T phase for the electrocatalytic activity of MoSa.

After isolating the cathodic branches of the polarization curves, the overpotential (1) was
plotted against the logarithm of the current density, and the linear region of the graph was
fitted by linear regression (Figure 59b). The obtained Tafel plot is expressed by Equation
1:

Equation 1 n=blog,,(j) — ¢
Where b coincides with the Tafel slope, j is the current density (calculated on the geometric
surface area of the modified GCEs) and c is a constant that is directly proportional to the

logarithm of the exchange current density, jo (¢ = b log19(jg))-#4*>
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Figure 59 a) Polarization curves obtained from linear sweep voltammetry in presence of a
solution of H202 5 mmol L1; b) Tafel plots obtained for the three materials compared with
bare GCE.

The Tafel slope is a parameter describing the relation between the applied overpotential and
the registered current density at the working electrode. Thus, it can be used as descriptor
for the efficiency of an electrocatalyst. Since the overpotential is plotted as function of the
current density, lower values of |b| mean that lower overpotential must be applied in order
to carry out the reaction and produce the same current density, resulting in better

electrocatalytic activity.4>

The Tafel constant (nj=1) is another descriptor used to evaluate the efficiency of

electrocatalysts, and is defined as the value of the overpotential n when j =1 (n;-, =
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—b log19(jo))- By definition, nj=1 coincides with the value of overpotential that must be
provided to yield one unit of current; thus, lower values of n;=1 mean better electrocatalytic
performances. This parameter is related to the Tafel slope, as the two parameters are
directly proportional, but at the same time is dependent on another parameter, which is the
exchange current density, jo.#°

Exchange current density (jo) is another metric that must be taken into account when
defining the electrocatalytic activity of a material, as it describes its activity. It is expressed
as electrical current per surface area and defines the promptness of an electrode to advance
with an electrochemical process. Generally, higher the exchange current density correlate
with higher catalytic activity of the electrode.*”

The values of Tafel slope, Tafel constant and exchange current density for the three materials
and the negative control (bare GCE) are reported in Table 10 and depicted as Kiviat plot in

Figure 60.

Table 10 Extracted parameters from polarization curves and Tafel analysis.

Onset Tafel Exchange
Tafel Slope,
Potential Constant, Current Density,
b (mv/dec) )
V) nj=1 (V) Jo (A/cm?)
Bare GCE -0.413 -514 -2.754 4.38x10-6
GCE/H1T-
0.113 -303 -1.457 1.55x10->
MoS:
GCE/E1T-
0.185 -226 -1.258 2.71x10-6
MoS:
GCE/2H-
-0.232 -378 -1.927 7.90%x10-6
MoS:
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Figure 60 Kiviat plot illustrating electrocatalytic performances of different materials.

Based on CV and Tafel analysis, it is possible to affirm that both E1T-MoS2 and H1T-MoS: are
good electrocatalysts for the reduction of H202. In particular, E1T-MoS:2 stands out as the
most efficient, as it presents the lowest values of Tafel slope (-226 mV dec1) and Tafel
constant (-1.258 V), and a more positive onset potential (0.185 V). H1T-MoS2 has a similar
onset potential (0.113 V), but higher Tafel slope (-303 mV dec1) and Tafel constant (-1.457
V). On the other hand, although 2H-MoS: has an electrocatalytic activity, it is not as efficient.
The modified GCE/2H-MoS: is the electrode that registered the smallest onset potential
anticipation (-0.232 V) and lowest efficiency as demonstrated by the high Tafel slope (-378
mV dec1) and Tafel constant (-1.927 V).

An important difference between E1T-MoS: and H1T-MoS: resides in the measured
exchange current densities. Counterintuitively, H1T-MoS2 presents a value of exchange
current density that is higher by one order of magnitude, when compared with E1T-MoSa.
This behavior can be attributed to the different morphology of the two materials. In fact, it
has been observed that in the case of HER the exchange current density is directly
proportional to the edge length of MoS2, indicating that electrocatalytic HER takes place
prominently at the edge sites of M0S2.48 The nanoflower shape of H1T-MoS: presents several
rough edges, which could explain the higher current density, implying that also in the case
of H202 reduction the electrocatalytic sites are localized predominantly at the edges.

E1T-MoS:2 exhibits lower value of jo also when compared with the less active 2H-MoSz2. This

could be explained by the higher affinity of E1T-MoS: for the substrate. Indeed, DFT
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calculations have demonstrated that strong adsorption of the substrate on the surface of the

catalyst may induce lower exchange current densities.*?

3.2.3

Electrochemical Impedance Spectroscopy Study

To further study the efficiency of charge transfer and the conductivity of the materials,

electrochemical impedance spectroscopy (EIS) was used. First, the reversible redox couple

[Fe(CN)e]-3/[Fe(CN)s]* was used to study the conductivity of the modified electrodes: by

performing EIS at the open circuit potential (OCP) it was possible to observe how the

introduction of MoS:2 reduces the resistance to charge transfer (Rcr) with respect with the

bare electrode (Figure 60).
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Figure 61 a) Bode plot ad b) Nyquist plot of impedance spectra recorded in 5mM solution of
[FeCNs]3/[FeCNs]* with Bare GCE (black), E1T-MoS2-modified GCE (light blue), H1T-MoS2z-
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modified GCE (yellow) and ZH-MoSz-modified GCE (pink) at open circuit potential; c)

magnification of the Nyquist plot in the high-frequency region.

The obtained spectra were fitted with equivalent circuits, to isolate electrical and

electrochemical processes taking place at the electrode surface.

In Table 11 are reported the equivalent circuit used to fit the data of EIS with [Fe(CN)¢]3-

/[Fe(CN)s]* redox couple for the three materials and the bare electrode as negative control.

Table 11 Fitted parameters from EIS of modified electrodes with [Fe(CN)s]3 /[Fe(CN)s]*

redox couple.

Electrode Equivalent Circuit Fitted parameters
/\R/\/ Rs=63.0 Q
CcT
Bare GCE ) VRV@ - Rer = 4.58 kQ
S
I3 CPE = 8.02 pMho 50808
CPE

GCE/H1T-MoS:

Rs=62.10Q

Rcr =827.0 Q)

W = 1.55 mMho s%5
CPE = 77 uMho s%717

GCE/E1T-MoS:

Rs=135.0Q
C=137 uF
Rcr =82.2 ()

W =459 uMho s>
CPE = 1.53 mMho s0425

GCE/2H-MoS:

Rs=91.50Q
Rer=2.21kQ

W = 1.16 mMho s05
CPE = 4.90 uMho s0861
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In all cases, the equivalent circuits include the parameter Rs, taking into account the
resistance of the electrolyte buffer, with a value of resistance ranging from 62 to 135 Q, and
a CPE. For GCE/H1T-MoS:z and GCE-2HMoSz2, a simple Randles circuit was used including an
Rcr element, describing the resistance to the charge transfer during the electrochemical
reaction, and a Warburg impedance element (W) for the mass transfer from bulk solution to
electrode surface. In the case of E1T-MoSz, a capacitor (C) was added in parallel to the
Randles circuit, to account for the intrinsic capacitance of the material at negative
polarizations.>? In the case of the bare GCE, the equivalent circuit does not include a W
element, as the Rcr is preponderant and there is no mass-transfer-dependent region in the
spectrum.

Upon analyzing and fitting the impedance spectra, H1T-MoSz and E1T-MoS:2 outcompete the
2H phase, in terms of conductivity, thanks to their metallic nature. In particular, for the E1T-
MoS2-modified electrode Rcr is the lowest (82.2 ), and its impedance spectrum is
dominated by mass diffusion (W) and capacitance. H1T-MoS: follows, with Rcr equal to
827.0, while 2H-MoS: presents a much higher value of 2.210 kQ, reflecting its non-metallic

nature.

The value of Rer at the OCP is correlated to jo by Equation 2:51

RT
nFAR,,

Equation2 j, =

Where R is the ideal gas constant (8.31 ] mol-1 K1), T is the temperature (298 K), n is the
number of electrons involved in the reaction, F is the Faraday constant (96485 C mol1), 4 is

the surface of the electrode (0.19635 cm?).

The exchange current densities calculated from the EIS experiments with [Fe(CN)e¢]3-

/[Fe(CN)s]* (
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Table 12) show a different trend with respect to the results from Tafel analysis, with E1T-
MoS:2 having the highest value of jo. These evidences suggest that the decrease of exchange
current density for E1T-MoS:z depends on the specific interaction between the catalyst and

H202, rather than the conductivity and activity of the material.
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Table 12 Values of Rcr and jo derived from EIS measurement of with the three different

materials.
Exchange Current
Rer ()
Density, jo (A cm-2)
GCE/E1T-
82.2 1.59 x 103
MoS:
GCE/H1T-
827 1.58 x 104
MoS:
GCE/2H-
2210 5.91x 105
MoS:2
Bare GCE 4580 2.85x 10>

To verify this hypothesis and study the charge transfer during the electrocatalyzed reaction,
EIS measurements were carried out in presence of 5 mmol L-1 solution of H202, in PBS/KCl
buffer, atlow and at high applied overpotential (referred to the onset potential) (Figure 62).
The obtained spectra were all fitted with a simple equivalent circuit involving three elements

that are Rs, Rcr and CPE (
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Table 13).
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Table 13 Fitted parameters from EIS of modified electrodes with 5 mmol L1 H20.

Electrode and conditions Equivalent Circuit Fitted parameters
/\R/\/ Rs=5190Q
CcT
GCE/H1T-MoS: at the OCP ) VR v | Rcr=9210 Q
S
13 CPE = 329 uMho 50823
CPE
/\R/\/ Rs=89.6 Q)
CT
GCE/H1T-MoS:z at-0.3 V | VR v | Rcr =4270.0 Q
S

CPE = 602 uMho s0:808

Rs=113.0Q
GCE/E1T-MoS: at the OCP - VRV@_ [ Rcr = 18000 Q
S
I3 CPE = 241 uMho s0912
CPE
Y\’ Rs=111.0 Q
CcT
GCE/E1T-MoSz at-0.3V | VRV@ ° Rer=1310.0 O
S
13 CPE =521 pMho 50799
CPE

Atlow overpotential (i.e. at the OCP, Figure 62a), the fitting yielded values of Rcr equal to 18
kQ for E1T-MoS2 and 9.21 kQ for H1T-MoSz, which conversely result in values of jo of 7.26 x
10¢ A cm2and 1.42 x 105 A cm?, respectively (considering n = 1). These values of jo are
compatible with data from Tafel analysis confirming the change of trend depending on the
interaction of the materials with H202. However, when higher voltages are applied (-0.3 V
corresponding to the position of the reduction peak in the CVs), the impedance spectra for
the two materials revert and E1T-MoS2 shows better charge transfer, with an Rcr equal to
1.31 kQ (j = 9.98 x 10-°) (Figure 62b). H1T-MoSz, is characterized by a less prominent
increase of charge transfer (Rer = 4.27 kQ, j = 3.06 x10->), which can be attributed to the

lower conductivity of the material.
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Figure 62 Nyquist plot of impedance spectra recorded in 5mmol L1 solution of H202 with
E1T-MoS2-modified GC electrode and H1T-MoS2z-modified GC electrode, at open circuit
potential (a) and at -0.3 V (b).
In the end, summing up all information from the electrochemical study, it was possible to
assess that MoS:z enriched in 1T phase is more electrocatalytically active than physically
exfoliated 2ZH-MoSz, and that E1T-MoS2 and H1T-MoS: have a similar j-n dependency. H1T-
MoS: is kinetically favored by higher jo and performs better at lower overpotentials, which
could be attributed to higher number of active sites on the jagged edges of the nanoflowers.
However, E1T-MoS2 outcompetes H1T-MoS: at higher overpotential, thanks to higher

conductivity and charge transfer.

Furthermore, by comparing data from EIS and Tafel, it emerged that the values of jO
calculated by the two techniques are comparable when a single-electron transfer (SET) is
considered in the rate determining step (n = 1). Thus, the proposed mechanism involves the
adsorption of H202 on the surface of the catalyst followed by homolytic cleavage of the 0-0
bond of H202, with consequent formation of free OH radicals that are subsequently reduced
via charge transfer from the modified electrode. This mechanism is observed with catalytic
nanomaterials based on metals of the platinum groups2 that have been implemented in
colorimetric53-55 and electrochemical sensors.>657 Compared with platinum, MoS:2 could be

an excellent alternative thanks to its lower cost and larger availability.
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3.24 Colorimetric Assay

A colorimetric assay based on 3,3’,5,5’-tetramethylbenzidine (TMB) was used to confirm the
proposed mechanism. The chromogenic substrate reacts with hydroxyl radicals formed
during SET reaction catalyzed by peroxidase-mimicking catalysts, producing a blue species
that strongly absorbs at 652 nm.5859

Suspensions of the three materials were incubated with a 50 mmol L-! solution of H202, in
presence of TMB (1 mmol L) in acetate buffer (pH = 3.5), and the absorbance was
monitored over 45 minutes. As shown in Figure 63a-b, 2H-MoS:2 has no peroxidase-like
activity under these experimental conditions, as there is no difference with the negative
control. On the other hand, both E1T-MoS: (Figure 63c) and H1T-MoS: (Figure 63d)
catalyze the reduction of H202 behaving as peroxidase-mimic catalysts, developing an
intense blue coloration over 30 minutes (Figure 63e). These observations highlights again
the importance of the 1T phase for the catalytic activity, not only in electrochemical setup,

but also in colorimetric determination.
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colorimetric assay after 30 min of incubation with 50 mmol L
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Another apparent feature from the colorimetric assay is the higher activity of H1T-MoS2
when compared to E1T-MoS:z. By studying the kinetic of the reaction at different H202
concentrations, it was possible to observe that at low concentrations of substrate, there is
no significant difference between the two 1T-MoS: (Figure 64a). However, at
concentrations higher than 10 mmol L-1, the trends for the reaction rate start to diverge, with
E1T-MoS: starting to decline, possibly due to saturation of the active sites of the catalyst. On

the other hand, H1T-MoS2 does not reach saturation in the investigated concentration range
(Figure 64b).
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Figure 64 Reaction rates measured in the first 300 s for all materials in the presence of H202

in a concentration range from 0 to 10 mmol L1 (a) and 0 to 200 mmol L1 (b).

By comparing these data with the information obtained from the electrochemical analysis, it
is possible to determine a correlation between the saturation of the active sites and a low
value of jo for E1T-MoS2 when compared to H1T-MoSa2. As previously stated, in absence of an
applied overpotential, H1T-MoS: is kinetically favored, thus constitutes a better option for

homogeneous catalysis in colorimetric assays.
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3.25 Non-Covalent Functionalization of 1T-Molybdenum Disulfide

The electrocatalytic effect of 1T-MoSz could be extremely beneficial to design
electrochemical enzymatic biosensors, using oxidoreductase enzymes as receptors. To
unlock this feature, it is necessary to develop a functionalization strategy to immobilize the
enzymes on the surface of the material. Ideally, the functionalization should leave the
electronic and catalytic properties unchanged and at the same time allow the enzymes to

retain their structure and activity.

To functionalize 1T-MoS2 without interfering with its structure, a non-covalent approach
was chosen, exploiting electrostatic interaction between the intrinsically negatively charged
material and quaternary alkylammonium cations. Specifically, cholamine chloride
hydrochloride (ChNH3) and synthesized N’,N’,N’-triethylethane-1,2-diaminium salt
(EtsNEtNH3) were used to introduce amines on the surface of 1T-MoSz, to be subsequently
used for further modification of the material surface. After synthesizing the alkylammonium
salts, the functionalization is carried out by just mixing 1T-MoS2 aqueous suspension and an

aqueous solution of the alkylammonium salts and stirring.

3.2.5.1 Zeta Potential titration

The interaction between the material and the organic salts was investigated by zeta potential
measurement. 1T-MoS: is intrinsically charged, with a zeta potential of ca -33 mV. As shown
in Figure 65a-b, the addition of different equivalents of the organic salts determines a shift
of the zeta potential towards more positive values. In particular, the addition of 1 equivalent
of ChNH3 determines a variation of zeta potential equal to 11.6 mV, while the addition of

EtsNEtNH3 leads to a variation of 16.6 mV.

From the different trends, it is possible to infer that a stronger interaction occurs between
EtsNEtNHs and 1T-MoS2, with respect to ChNHs. This could be related to the more
hydrophobic character of EtsNEtNH3 cation, which hinders its solvation by water molecule,
favoring its adsorption on the negatively charged surface.%.61 This feature is extremely
interesting, as tuning the hydrophobicity of the alkylammonium salt could be an effective

strategy to control the degree of functionalization.

In both cases, the change of surface charge of the material leads to aggregation and
precipitation when the amount of added alkylammonium salt exceeds 0.5 equivalents, with

total precipitation at 1 equivalent (Figure 65c).
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Figure 65 a-c) Zeta potential titration of 1T-MoS2 with ChNH3 (a) and EtsNEtNHs (b); c)
Photograph of 1T-MoS: suspensions with the addition of 0.1, 0.2, 0.3, 0.4, 0.5, 0.75 and 1
equivalent of ChNH3.

3.2.5.2 Study of Surface Chemistry of the Functionalized Material

Having assessed the interaction between the material and the organic salts, the following
step was to develop a procedure for functionalization and purification of the final material.
The functionalization was carried out choosing 1 equivalent of organic salt, in order to
guarantee a high degree of functionalization and to facilitate purification, which was
performed by precipitation and washing of the precipitate. The details of the
functionalization and purification protocol are reported in paragraph 3.4.5.

After functionalization, the modified materials were deposited on a SiO2 substrate and
characterized by Raman spectroscopy. Figure 66 shows the comparison between the Raman

spectra of pristine 1T-MoSz, ChNH3 and the modified material, 1T-MoS2-ChNHs.
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It is evident that the Raman spectrum of 1T-MoS2-ChNH3 presents peaks of the both starting
materials. Specifically, in the region above 2800 cm-1, signals attributable to CH3 and CH:
appear in the spectra of ChNH3 and 1T-MoS2-ChNHs. Then, observing the range of
wavenumber going from 140 to 500 cm! (Figure 66b), it is possible to appreciate in both
pristine and modified 1T-MoSz, peaks J1 (151-154 cm™), J2 (228 cm™1), E2g (380 cm 1) and A1g
(405 cm1). On the other hand, in the region comprised between 950 and 1550 cm! (Figure

660¢) it is possible to observe peaks of ChNH3 (1071cm, 1098 cm-1, 1125 cm-1, 1284 cm,
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1445 cm-1, 1459 cm1, 1471 cm-1) that match peaks of 1T-MoS2-ChNH3 (1064 cm-1, 1099 cm-
1,1129 cm, 1295 cm1, 1419 cm, 1438 cm-1, 1461 cm1), which are not present in the

spectrum of 1T-MoSa.

It was interesting to notice that some of the observed peaks of ChNHs3 experience an
enhancement of their intensity in the spectrum of 1T-MoS2-ChNHs. 1T-MoS: is known to
exhibit surface-enhanced Raman scattering (SERS) activity,®? which is the capability of
certain plasmonic materials to enhance the Raman signal of molecules adsorbed on their
surface.®3 SERS is highly surface-sensitive and can be used to deduce the orientation of
molecules on the surface of SERS-active materials, as the functional moieties closer to the
surface experience a greater signal enhancement.6465 In the case of 1T-MoS2-ChNH3 it is
possible to observe SERS effect for the peaks at 2849 cm1 and 2883 cm-! that are associable
with antisymmetric stretching of CH2 and CHs respectively.6® Moreover, in the zone included
between 950 and 1550 cm-1, also peaks at 1062 cm-1 1102 cm! and 1130 cm-! experience an
evident intensity enhancement. These peaks are attributable to CCNCC stretching and
demonstrate the strong interaction between the surface of 1T-MoS: and the

trimethylammonium moiety of ChNH3.66

Similar features were observed with 1T-MoS2-EtsNEtNH3 (Figure 67), with peaks
attributable to the presence of the functionalization on the surface of the material, at 1295
cm-1, 1438 cm1, and enhanced peaks at 1063 cm1, 1129 cm-1, 1173 cm1, 2847 cm-1 and 2881

cm,
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The surface chemistry of 1T-MoS2-ChNH3 was further investigated by XPS (Figure 68). The
high resolution spectrum of Mo (Figure 68a) is quite complex, including two components at
228.19 and 231.32 eV related to 1T phase (accounting for 33.6 % of the entire region) and
two components at 229.22 and 232.5 related to 2H phase (accounting for 17.74% of the
entire region). A component at 234.46 eV is associated to the presence of sulfates, as can be

observed also in the high-resolution spectrum of S and O (Figure 68c, e). Two components

158



for Mo at 232.60 and 235.73 eV were attributed to Mo®*. These components are related

partially to formation of Mo0Os3, as demonstrated by the spectrum of O (Figure 68e).
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Figure 68 High-resolution XPS spectra of a) Mosq, b) Nis, c) Szp, d) C1s and e) Ois; f) Survey
spectrum of 1T-MoS2-ChNH3.
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However, this component can be associated with N-doping of MoSz, as previously reported,
which determines also the appearance of a peak at 398.18 eV in the high resolution spectrum
of N.67-69 Further XPS studies on the material and the ammonium salt will be useful to clarify
the origin of these components.

STEM-EDX mapping allowed to observe the distribution of ammonium salts on the surface
of 1T-MoS2-ChNHs. Figure 69 shows the EDX linescan mapping of Mo, S and N of one flake
of 1T-MoS2-ChNHs. All three elements are co-localized and well distributed on the surface

of the flake.
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Figure 69 STEM-EDX mapping of 1T-MoS2-ChNH3; a) STEM electron image of one nanosheet;
b) linescan mapping of S (vellow), N (green) and Mo (red).

3.2.5.3 Evaluation of Functionalization Degree by TGA

The degree of functionalization for 1T-MoS2-ChNH3 was estimated by thermogravimetric
analysis (TGA) in inert atmosphere (Nz). Under these conditions, MoSz2 is stable up to 800 °C,
while the organic functionalization is completely degraded.’®71 As shown in Figure 70, there
is a clear difference in weight loss percentage between the pristine and the functionalized
material at 550 °C, which is equal to 25%. Taking into account the molecular mass of the
cation (104.20 g mol-1), it is possible to calculate the amount of salt to be 2.40 umol/mg of

MoS2, which corresponds to a molar fraction x = 0.38.
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Figure 70 TGA of 1T-MoS: (orange) and 1T-MoS2-ChNHs (teal).

3.2.5.4 Post-modification of the Composite with Fluorinated Probe

As the final goal of the functionalization is to have active primary amines on the surface of the
material, it was necessary to assess if the protonated amines introduced with the salt are
available after immobilization of the salt on the surface of the material. To verify it, a qualitative
experiment was carried out, using p-fluorobenzaldehyde (pFBA) as fluorinated probe for the

amine groups of 1T-MoS2-ChNHs (
(F?
NH,* NH, SN
N, — N, — N,

1T-MoS,

1T-MoS, 1T-MoS,

Figure 71). First, the material was suspended in methanol, by ultrasonication, adding
triethylamine to deprotonate the amines. Then pFBA (1 equiv.) was added to the suspension
and incubated for 1 h. Finally, the functionalized material was isolated by centrifugation and

washed with methanol to eliminate the excess of pFBA.
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Figure 71 Reaction scheme for imine formation on 1T-MoSz-ChNH3.

The distribution of Fluorine was observed by STEM-EDX mapping, which shows co-localized

distribution of Mo, S, N and F atoms on the nanosheets (Figure 72).
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Figure 72 a-e) STEM-EDX mapping of imine derivative of 1T-MoS2-ChNH3; STEM electron
image of one nanosheets (a), and elemental mapping of Mo (b), N (c), F (d) and S (e); f)

linescan mapping of the nanosheets.
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To quantify the amount of imines on the surface of 1T-MoS2-ChNH3s, the material was
incubated with one equivalent of pFBA for 1 h. Then, the imine derivative was washed with
methanol dried and analyzed in the same conditions used for 1T-MoS2-ChNHs. As shown in
Figure 73, the thermogram of the imine derivative presents a similar shape, but with higher
weightloss (31.35%). From the difference between the thermograms of 1T-MoS2-ChNH3 and
of the imine derivative (6.35%), it is possible to determine that 0.21 umol of pFBA reacted
with the material to form imines. By comparing these data with the degree of
functionalization determined from Figure 70, it is possible to calculate the ratio between the
amount of formed imines and the total amount of amines introduced on the materials, which
is equal to Ximine = 0.32. This value can be considered as an estimation of the available amines

on the surface of the material.
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Figure 73 TGA of pristine 1T-MoS: (orange), 1T-MoS2-ChNHs3 (teal) and the imine derivative,
1T-MoS2-ChNH3-pFBA (purple).
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3.3 Conclusions

In conclusion, the work herein presented deepens the understanding of the electrocatalytic
activity of MoSz2 for hydrogen peroxide reduction reaction, through a thorough
electrochemical study and colorimetric assay, and extends its applicability for the
development of enzymatic electrochemical biosensors, with a new functionalization method.
Tafel analysis highlights the superior catalytic properties of 1T-MoS2, which shows greatly
enhanced electrocatalytic properties when compared with 2H phase, thanks to it metallic
character, as shown by the significant shift in overpotential and better j-n dependence.
Moreover, the study shows the impact of the synthetic approach over the activity of the final
material, as 1T-MoS: obtained from top-down and bottom-up approaches presents
morphological differences, with consequences on the final catalytic activity. E1T-MoS: is
characterized by a planar morphology, with less defects. This results in higher conductivity,
butless active sites that are rapidly saturated at low overpotentials, which determine a lower
exchange current density. Conversely, H1T-MoS:2 presents a rough surface with rugged edges

and defects, which serve as catalytically active sites, but lead to lower conductivity.

By comparing data from Tafel analysis and EIS, it was possible to assess that the mechanism
for the catalyzed reaction is based on single electron transfer with formation of hydroxyl
radicals on the surface of the catalyst, similarly to Pt-based catalysts. This hypothesis was
corroborated by the colorimetric assay, which in turn demonstrated that only 1T phase is
effective for homogeneous catalysis of hydrogen peroxide reduction, stressing once again
the importance of defining the crystalline phase of MoS:2 for its catalytic activity.
Furthermore, the colorimetric assay is in agreement with the data of Tafel analysis, showing
how catalytic sites of E1T-MoS:2 are saturated at concentrations of H202 higher than 50 mmol

L1, whereas the activity of H1T-MoS2 does not decrease up to 200 mmol L-1.

Based on these evidences, the two morphologies of 1T-MoS2 can be implemented for sensing
of H20:2 either in electrochemical sensors or in colorimetric assays. E1T-MoS: is suggested
for electrocatalytic applications and electrochemical sensing, thanks to its better
conductivity and charge transfer that result in higher faradaic currents at higher
overpotentials. H1T-MoS2 is more suitable for colorimetric sensors and heterogeneous

catalysis, thanks to the higher number of catalytic sites.

Non-covalent functionalization of 1T-MoS2 nanosheets was achieved via electrostatic
interaction with cholamine chloride hydrochloride and N’,N’,N’-triethylethane-1,2-

diaminium trifluoroacetate. Raman spectroscopy showed that the interaction between the
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material and the alkylammonium leads to SERS enhancement of signals related to C-H and
C-N stretching, and XPS presented the appearance of new components in the high resolution
spectra of Mo and N. The degree of functionalization and the availability of amines on the
surface of the material was assessed by formation of imines with pFBA. The formed imines
on the surface of the material were quantified by TGA, while STEM-EDX was used to

demonstrate the co-localization of Mo, N, S and F.

Further studies using XPS will be needed to better understand the nature of the new
component that arise in the region of N and Mo after the interaction between the material
and the alkylammonium salts. Moreover, XPS and solid-state 1°F-NMR could be used as well
to confirm the formation of the imines on the surface of the material during the post-
modification with pFBA.

The work presented in this chapter, both on the electrocatalytic activity of 1T-MoSz and on
a simple and effective strategy for its characterization, provides useful insight for the
application of the material for enzymatic electrochemical sensors, paving the way for

detection of various important analytes.

166



3.4 Experimental Section

34.1 Materials and Instruments

All reagents and materials were purchased from Sigma-Merck and used without further
purification.

UV-Vis spectra were collected with an Agilent Cary 5000 UV-Vis spectrophotometer, at room
temperature with quartz cuvettes, in a wavelength range comprised from 200 nm and 800

nm.

Raman spectra were recorded using a Renishaw inVia Raman microscope. A laser excitation
wavelength of 633 nm, lens-based spectrometer with 1800 gr mm-~! gratings, Peltier-cooled
front-illuminated CCD camera (1024 x 532 px), and a 100x objective were employed.
Samples were prepared by drop-casting MoS:z solution on a silicon oxide slide and drying it
under ambient conditions. Each spectrum is derived from the average of at least 100 spectra
recorded in different spots of the sample for 5 s with a laser power of 1.29 mW. Data were

processed using Renishaw WiRE 4 software.

AFM images were obtained with a Nanoscope Illa, VEECO Instruments. As a general
procedure, AFM analyses were performed using tapping mode with a HQ:NSC19/ALBS
probe (80 kHz; 0.6 N/m) (MikroMasch). Samples were prepared by drop cast of the aqueous
suspension (concentration in the order of pg/mL) on exfoliated mica substrates. The

obtained AFM images were analyzed in S3 Gwyddion 2.58.

TEM images were recorded with a Phillips CM200 transmission electron microscope
equipped with Quemesa camera (Olympus Soft Imaging Solutions) and RADIUS software for
image acquisition. Samples were prepared by dropcast of the aqueous suspensions
(concentration 0.5 mg/mL) on Lacey Carbon 300 mesh copper grids (approx. grid hole size:
63um), purchased from TED PELLA Inc.

STEM-EDX mapping images were recorded with a TEM - JEOL JEM - 2100F UHR
transmission electron microscope equipped with a field emission electron beam FEG (Field
Emission Gun) with variable acceleration between 80 and 200 kV, a 4-megapixel CMOS
camera (TVIPS TemCam-F216) and two STEM detectors (VF & HAADF) in combination with
an EDX detector (Oxford UltimMax).

X-ray Photoelectron Spectroscopy (XPS) spectra were registered with an XPS/UPS - SPECS
SAGE HR-100 equipped with a 100 mm radius PHOIBOS analyzer, where 421 Mg Ka X-ray

source was used. The samples were prepared by depositing 0.5 mg on copper tape. The
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spectra were fitted using CasaXPS and calibration was performed using the major
component of the C high-resolution spectrum as a reference at 284.8 eV, which is the value
reported for adventitious and sp3 C-C carbon.

Thermogravimetric analysis (TGA) measurements were carried out with a TGA Discovery
(TA Instruments), where 0.4 mg of material were weighed in a Platinum HT pan and were
heated in N2 atmosphere. First, an isotherm at 100°C was applied 20 min, subsequently the

samples were heated to 600°C with a ramp of 10°C/min.

3.4.2 Synthesis of 2D-Molybdenum Disulfide in different crystalline phases and
morphologies

Molybdenum disulphide (Mo0S2) was exfoliated in its 2H phase (2H-MoS2) by ultrasonication
of bulk MoS2 in N-methylpyrrolidone. 150 mg of bulk MoS2 was suspended in 150 mL of NMP
(1 mg/mL), and subsequently sonicated in a sonicator bath for 4 h, at 0°C. The suspension
was centrifuged and the supernatant was filtrated on PTFE membrane with 0.45 um of pore
size. The material was washed with 1 L of Milli-Q water and resuspended in 100 mL of Milli-
Q water.

The exfoliated 1T phase (E1T-MoS:2) was obtained by butyllithium intercalation and
exfoliation. 250 mg of MoS2 were dried at 100°C in a Schlenck tube (with a capacity of 50
mL) for 16 h and then heated with a heat gun under vacuum to eliminate any trace of water.
Under an inert atmosphere (Ar), 15 mL of dry hexane and 4 mL of butyllithium (2.5 M in
hexane) were added, and the mixture was heated at 70°C for 24 h. The mixture was then
cooled with an ice bath and BuLi was quenched by adding water drop by drop until the
disappearance of bubbling. The crude was sonicated to disperse the material, then the
material was extracted from the organic phase with Milli-Q water using a separating funnel.
The aqueous phase was washed twice with hexane, was sonicated for 1 h, and subsequently
centrifuged at 1000 rpm for 1.5 h at 5°C. The supernatant was filtered on PTFE filters and
washed with Milli-Q water to recover the material, which was finally resuspended in Milli-Q

water.

The hydrothermally synthesized MoS2 (H1T-MoSz) was obtained by hydrothermal reaction
of molybdenum oxide with urea and thioacetamide. 36 mg of MoO3s, 360 mg of urea, and 42
mg of thioacetamide were dissolved in H20 and introduced in an autoclave were stirred for
4 h at 35 °C. The solutions were then heated at 200 °C for 16 h. After rapid cooling, the
material was recovered by filtration on PTFE filter and washed with 1 L of Milli-Q water.
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After re-suspending the material in 10 mL of Milli-Q water by sonication for 1 h, the
suspensions were centrifuged at 750 rpm for 30 min at 10 °C, and the supernatant was

recovered.

3.4.3 Electrochemical Measurements

All electrochemical measurements were performed using an electrochemical workstation
Autolab MSTAT204 potentiostat/galvanostat (Metrohm Autolab) interfaced to a PC with
Nova 2.1.6 software, at laboratory room temperature (25°C). A glassy carbon electrode (GCE,
diameter= 0.5 cm) was used to perform all experiments. Before each experiment, the GCE
was polished on alumina 0.2 um and sonicated in Milli-Q water and was then modified by
drop casting 10 pL of 0.5 mg/mL suspensions of the materials. For CA measurements, upon
drying of the MoS2 suspension, 5pL of 5% Nafion solution was drop casted on the modified
electrode, to immobilize the catalyst. Ag/AgCl (3M KCI) and a platinum wire were used as

reference and counter electrodes, respectively.

Before each measurement, solutions were degassed by bubbling N2 in the solution for ten
minutes. CV was performed by scanning the applied potential from 0.2 V to - 0.8 V, with a
scan rate of 10 mV/s. Data were graphed without ulterior manipulation, with Origin

software.

CA were carried out at a constant potential of -0.3 V, over 50 s and the signal was sampled at
15 s. The measurements were conducted with 0.5, 1, 1.5, 2, 4, 6 and 8 mmol L-! solutions of
H202 in PBS 0.1 mol L-1, KCI 0.1 mol L-1. Data were graphed, analyzed and fitted with Origin

software.

For Tafel analysis, open circuit potentials were determined to identify the equilibrium
potential for the reaction. Subsequently, the potential range was selected accordingly, and
the potential was scanned with a scan rate of 10 mV/s in linear sweep voltammetry. By
plotting the logarithm of the current against the applied potential, the polarization curve was
obtained, which was then centered on the minimum individuating the onset potential of the
reaction and reported against the overpotential applied over the onset potential (Figure
74a). From the linear fitting of the two branches of the obtained polarization curve, the
exchange current density was determined as the intersection between the fitted lines. The
same curve was then plotted as overpotential versus logarithm of the current, and the

cathodic branch was isolated and linearly fitted (Figure 74b). From this linear fitting, Tafel
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slope and Tafel constant were determined as the slope and the intercept of the fitted line,

respectively. Data were analyzed and fitted using Origin software.

Tafel Slope
d -3 b-o10— ;
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Figure 74 Scheme highlighting the obtained parameters from Tafel analysis.
Finally, EIS measurements were conducted at low overpotential (0.2 V) and at high
overpotential (-0.3 V), with a potential amplitude of 0.01 V, scanning frequencies from 0.1
Hz to 10> Hz, and 10 frequencies per decade. Data were fitted using NOVA 2.1.6 software

from Metrohm and subsequently graphed with Origin software.

3.4.4 Colorimetric assay

All colorimetric tests were performed in acetate buffer 0.1 mol L-1, at pH 3.5. UV-Vis spectra
were collected with an Agilent Cary 5000 UV-Vis spectrophotometer, at room temperature
with plastic cuvettes, in a wavelength range between 300 nm and 800 nm. In each cuvette,
100 pL of MoS:2 suspension (0.1 mmol L-1) were incubated with 100 puL of TMB solution (10
mmol L1, in acetate buffer 0.1 mol L-1) and 50 pL of H202 (1 mol L-1) in 750 pL of acetate
buffer 0.1 mol L}, for a total volume of 1 mL.

The UV-Vis kinetics were registered at 652 nm with a TECAN Infinite M1000 Pro multiwell
plate reader, with plastic flat base 96 multiwell plates purchased from Sarstedt. In each well,
20 pL of MoS:z suspension (0.1 mmol L-1) were incubated with 20 pL of TMB solution (10
mmol L1, in acetate buffer 0.1 mol L-1) and different concentrations of H202 (0, 0.1, 0.5, 1,
2.5,5,10, 50 and 200 mmol L-1), in acetate buffer 0.1 mol L1 (total volume of 200 pL). Data

from kinetic were subsequently analyzed by Origin and Excel software.

170



3.4.5 Non-covalent Functionalization of 1T-MoS:2
3.4.5.1 Synthesis of N-Boc-2-bromoethylamine

CHClI,
Et;N

(o]
(0]
/\/NHZ + >I\ R Br )J\ J<
Br oJ\o T \/\H o
18 h

2-bromoethylamine hydrobromide (1 g, 8.06 mmol, 1 equiv.) was dissolved in chloroform
(10 mL), and the resulting solution (sol. A) was left to stir at 0 °C. Subsequently, di-tert-butyl
dicarbonate (1.92 g, 8.80 mmol, 1.1 equiv.) was dissolved in chloroform (10 mL) and
triethylamine (2.24 mL, 16.12 mmol, 2 equiv.) was added to the resulting solution (sol. B).
Sol. Bwas added dropwise to sol A. over 0.5 h. Once sol. B was completely added, the reaction
mixture was left to stir for 18 h, at room temperature. The mixture was extracted with ethyl
acetate. The organic phase was washed twice with NH4Cl saturated solution, twice with
NaHCOs saturated solution and twice with brine. Then it was dried over sodium sulfate and

the solvent was removed under reduced pressure.

1H-NMR (400 MHz, CDCl3): & 1.40 (s, 9H), 3.40 (m, 2H), 3.48 (m, 2H), 5.03 (s, 1H).

3.4.5.2 Synthesis of  2-((tert-butoxycarbonyl)amino)-N,N,N-triethylethanaminium

bromide

0 CHieN Y 0
e N e L
Br\/\u)J\o + \/Nv 4:1080: ’/B:/\HJJ\O

According to a modified reported procedure,’* N-Boc-bromoethylamine (2.282 g, 10 mmol,
1 equiv.) was dissolved in acetonitrile (10 mL), then triethylamine (4.17 mL, 30 mmol, 3
equiv.) was added. The mixture was stirred at 40 °C for 18 h. The solvent was removed under

reduced pressure and the product was recovered by precipitation in ethyl acetate.

1H-NMR (400 MHz, D20): 6 1.30 (t, 9H), 1.45 (s, 9H), 3.35 (m, 8H), 3.50 (t, 2H).
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3.4.5.3 Synthesis of N’,N’,N’-triethylethane-1,2-diaminium (EtsNEtNH3)

Br-

CHCl,
\ J o CF,COOH \ J
DD )< . Bry
(T e T, [ NS CH oo

H 1.5h
2-((tert-butoxycarbonyl)amino)-N,N,N-triethylethanaminium (924 mg, 2.84 mmol, 1 equiv.)
was dissolved in CHCI3 (7 mL) and cooled to 0 °C, then trifluoroacetic (5 mL, 91 mmol, 32
equiv.) was added dropwise. The reaction mixture was stirred at room temperature for 1.5
h. The solvent was removed under reduced pressure, yielding the product as a white solid.

1H-NMR (400 MHz, D20): & 1.35 (t, 9H), 3.42 (g, 6H), 3.54 (m, 4H).

3.4.5.4 Functionalization of 1T-MoSz with alkylammonium salts

1T-MoS2 aqueous suspension (2 mL of 0.5 mg/mL solution, 6.25 pumol, 1 equiv.) was
sonicated in ice bath for 15 min. The alkylammonium salt (6.25 pmol, 1 equiv.) is solubilized
in 100 pL of milliQ water and added to the 1T-MoS2 suspension (Figure 75a). The mixture

is stirred for 30 min (Figure 75b), then sonicated for 5 min in ice bath (Figure 75c), and

finally stirred for other 30 min (Figure 75d).

Figure 75 Photographs of different steps of functionalization of 1T-MoS2.
Then, the precipitate is separated by centrifugation (2000 rpm, 30 min). The solid is washed
twice with 1 mL of milliQ water, each time sonicating for 5 min and centrifuging at 2000 rpm

for 30 min. Finally, water is removed by lyophilization (72 h), to isolate the dry material.
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3.4.5.5 Fluorine Tagging of Amines with p-Fluorobenzaldehyde

The obtained 1T-MoS2-ChNH3 was suspended in methanol (1 mL), by adding 20 pL of
triethylamine 0.72 mol L1 (14.4 umol, 4.6 equiv. relative to the starting ammonium salt), and
sonicating for 10 min in ice bath. Then, p-fluorobenzoaldehyde (8.7 pL of a 10% solution in
methanol, 6.25 pumol, 1 equiv. relative to the starting ammonium salt) was added and the
mixture was sonicated for 5 min and then incubated for 1 h. Finally, the imine derivative was
isolated by centrifugation (6000 rpm, 10 min), resuspending and washing twice with

methanol (1mL).
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3.4.5.6 TGA quantification of available amines

The TGA measurement were carried out as described in paragraph 3.4.1. The degree of
functionalization was calculated from the weight loss derived from thermograms of 1T-MoS:2

and 1T-MoS2-ChNHs (Figure 70), as follows:
YWennnz = YW Lat-Mos,-chNHy) — YW LiT-Mos,)
Wennb, = %Wennna, X Wi

Wit-Mos, = Wi — (%Wehnu, X W;)

4 B WehnNH,
F ChNH3 =
MWehna, X WitT-Mos,
_ Wennn, X MWyos2
XCchNH3 =

MWennn, X Wit-Mos,
Where:
%Wchnn3: percentage mass of ChNH3 cation in the composite 1T-MoS2-ChNHs;
%WL(11-Mos2-chnu3): weight loss at 550 °C recorded for the composite 1T-MoS2-ChNHs;
%WL(1T-Mos2): weight loss at 550 °C recorded for pristine 1T-MoSz;
Wcnnn3: mass of ChNH3 cation in the composite 1T-MoS2-ChNHs;
Wi: total initial mass of the sample of 1T-MoS2-ChNHs3;
Wirt-Mos2: mass of pristine 1T-MoSz2 in the composite 1T-MoS2-ChNHs3;
MWocnnh3: molecular mass of ChNH3 cation;
MWwos2: molecular mass of MoSz;
dr chnus3: degree of functionalization expressed in pmolchngsz mgmos21;
xchnu3: molar fraction of ChNH3 cation in the composite 1T-MoS2-ChNHs.
Then, the amount of amines reacted with pFBA to form the imine derivative was calculated
from the thermograms of 1T-MoSz, 1T-MoS2-ChNHs and 1T-MoS2-ChNHs-pFBA (Figure 73),
as follows:

Y%Wimine = YW L(11-Mos,—chNH;—pFBa) — YW L(1T7_MoS,-ChNHS)

Wimine = YoWimine X Wi

Wimine

d . . o
F imine
MWimine X WlT—MoSZ
_ dF imine
Ximine = d
F ChNH3
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Where:

%W imine: percentage mass increment of the composite 1T-MoS2-ChNH3s after imine formation
with pFBA;

%WL(11-Mos2-chNH3-pFBA): Weight loss at 550 °C recorded for the imine derivative 1T-MoSz-
ChNH3s-pFBA;

%WL(11-Mos2-chnu3): weight loss at 550 °C recorded for the composite 1T-MoS2-ChNHs;
Wimine: mass increment of the composite 1T-MoS2-ChNHs after imine formation with pFBA;
Wi: total initial mass of the sample of 1T-MoS2-ChNH3-pFBA;

WiT-Mos2: mass of pristine 1T-MoS: in the composite 1T-MoS2-ChNHs;

MWimine: molecular mass increment of the ChN3 cation after imine formation with pFBA;

dr imine: degree of functionalization expressed in pmolimine mgmosz1;

dr chnus3: degree of functionalization expressed in pmolchngs mgmos21;

Ximine: molar fraction amines that reacted to form imines with pFBA in the composite 1T-

MoS2-ChNHs.
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Chapter IV
Ultrasound-aided Exfoliation of Few-layered Graphene

in a Sustainable Alternative Solvent

Abstract

Liquid phase exfoliation (LPE) is one of the most promising processes for the scalable
production of graphene. However, the traditional solvents used for LPE, namely N-
Methylpyrrolidone, and N,N-Dimethylformamide, are highly toxic and harmful to the
environment. In the last 7 years, greener alternatives for LPE have been explored. Among
those, Cyrene (dihydrolevoglucosenone) emerged as an ideal candidate thanks to its

physical-chemical properties, wide availability, and negligible toxicity.

In this chapter, the influence of several operational parameters of LPE processes over the
final quality of exfoliated graphene has been investigated. The study aims to set up guidelines
to design a sustainable laboratory protocol for producing high-quality graphene for

conductive solutions.
4.1 Introduction

41.1 Cyrene as a Sustainable Alternative Solvent for Graphene Exfoliation

Liquid phase exfoliation (LPE) of 2D materials, and specifically graphene, unlocks large-scale
production of colloidal graphene, which finds application in several fields, from sustainable
liquid lubrication for industrial machinery! to heat transfer fluids,? from anti-corrosion

coatings3 to printable electronics* and optoelectronics.>

LPE methods are economical, versatile, and easily scalable, but come with two main
drawbacks, which are the low quality of graphene and the use of large amounts of organic
solvents, surfactants and oxidants. Typical solvents used for exfoliation of graphene are
NMP¢ and DMF7, which are known to be highly toxic and oncogenic.8-11 As a matter of fact,
both solvents have been included in the list of “Substances of Very High Concern” (SVHC),
which is propaedeutic to restriction of any substance under European REACH regulation
[Regulation (EC) no. 1907/2006], and the use of DMF has been recently restricted by the

European Commission, because of its acute toxicity.12

Therefore, it is urgent to identify valid alternatives for sustainable processing of exfoliated

graphene. A study by H. ]. Salavagione et al. in 2017, presented Cyrene
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(dihydrolevoglucosenone) as a promising solvent for exfoliation of graphene.13 In their
work, they used computational methods to perform a screening of over 10,000 solvents as
candidates for liquid processing of graphene. In a multi-phase selection, they first isolated a
group of suitable solvents based on their physical chemical properties (i.e. polarity, surface
tension and viscosity), and then applied toxicity and environmental persistency check to
exclude harmful species. In the end, Cyrene emerged as the best solvent for LPE of graphene,
outcompeting even traditional NMP and DMF, both in terms of yield and flake quality. Since
then, Cyrene was reported in the literature as an efficient medium for preparation of
graphene-based conductive inks for screen-printing flexible electronics,14-16 graphene

coatings for fabricl” and inks for 3D extrusion printing.18

The potential of Cyrene is not limited to graphene LPE, as this solvent can serve as a reaction
medium for organic synthesis, materials chemistry and biocatalysis.1® Thus, the extreme
versatility of this solvent opens to the possibility of post-modification of highly concentrated

graphene suspensions, which is a game changer for the industrial scale-up of graphene inks.

The academic interest in Cyrene has been growing sensitively in the last few years (Figure
76 a). However, few works focused on its use for graphene LPE (Figure 76b) and research
in this field is still at an initial state. Moreover, LPE efficiency is strongly dependent on the
specific equipment,20 and many operational parameters and variables are to be taken into

account to optimize the quality of the final material.
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Figure 76 a) Histogram illustrating the number of publications related to Cyrene from 2004
to 2024; b) Pie chart illustrating the number of pubblications related to Cyrene-mediated
graphene LPE vs other publications presenting Cyrene for different applications.
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4.1.2 Aim of the Project

This project aimed to study the influence of various operational parameters on the LPE of
graphene, to establish an operational protocol for the production of high quality graphene
nanosheets for printable formulations. Specifically, the importance of operational amplitude,
reactor size and pulsed sonication were investigated, as well as the suitability of different
types of graphite for LPE. The project was carried out under the supervision of Dr.

Alessandro Silvestri and Prof. Maurizio Prato.

4.2 Results and Discussion

In first instance, it was necessary to define a set of experimental variables and parameters.
LPE was carried out with a tip sonicator that allows setting amplitude of the sonic waves, to
modulate the power of the used radiation, sonication time and sonication mode (continuous
sonication or pulsed sonication). Sonication time was maintained constant during the study.
Indeed, long times of sonication can be detrimental for the quality of exfoliated graphene, as
they lead to formation of more defects.21.22 Moreover, the principles of green chemistry and
green engineering require to minimize the energy input of chemical processes, which results
in the minimization of operational time.23 As a consequence, a short time of sonication (15

minutes) was preferred, to prioritize the quality of graphene flakes over the yield.

4.2.1 Effect of the Amplitude

In tip sonicators, the power is set in terms of amplitude, which is the distance of one
movement up and down of the piezoelectric crystal. The amplitude is expressed in
percentage with respect to the diameter of the probe. Exfoliation of graphene was performed
on 25 mg of graphite in 25 mL flasks, at 20%, 30%, and 40% amplitude. Higher amplitudes
were excluded because of instrumental limits and poor control over the temperature. To
evaluate the efficiency of graphene exfoliation, absorbance at 660 nm was used as a rapid
quantitative response, as in this region of the spectrum the absorbance is dependent on the
scattering of dispersed nanoparticles, and therefore on their concentration.1324 Figure 77
illustrates the obtained spectra for the graphene suspensions exfoliated at different

amplitudes.
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Figure 77 a) UV-Vis spectra recorded for graphene exfoliated in Cyrene at 20% (black), 30%
(vellow), and 40% (magenta) amplitude; b) histogram comparing absorbance at 660 nm for
the different batches.

In the range of investigated amplitudes, 40% amplitude resulted to be the most efficient.
Using the value of absorptivity reported by Salavagione et al.,13 the concentration of the

suspension can be estimated to be 0.05 mg/mL, with an exfoliation yield of 3.2%.

4.2.2 Effect of the Flask Size

The subsequent step was to compare LPE efficiency at 40% amplitude with different reactor
sizes. To understand the impact of the flask size on LPE, two different flasks, 25 mL and 50
mL, were used to carry out the exfoliation, while maintaining constant the ratio between the
volume of solvent and the volume of the flask (3:5) and the graphite to Cyrene ratio (3:2).
Figure 78 illustrates the obtained spectra for the graphene suspensions exfoliated in a 25
mL round bottom flask, with 25 mg of graphite and 16 mL of Cyrene, and in a 50 mL round
bottom flask, with 45 mg of graphite and 30 mL of Cyrene.
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Figure 78 a) UV-Vis spectra recorded for graphene exfoliated in Cyrene in 25 mL flask (black)
and in 50 mL flask (light blue); b) histogram comparing absorbance at 660 nm for the
different batches.

The exfoliation yield increases at a larger volume, from 3.2% to 10%, with a final
concentration of graphene of 0.15 mg/mL. The volume of solvent and the reactor exert an
influence on the process in terms of efficiency and heat dispersion.2> Typically, larger
volumes of solvent lead to attenuation of the energy of the mechanical wave,26 with
formation of “dead zones” in which the efficiency of sonication is sensitively lower.2” Indeed,

attenuation of ultrasounds in fluids is governed by Equation 1 and Equation 2:28-31
Equation1 [ =[,e 2%

Equation2 qa, = M
3pC3

Where:

- I is the acoustic intensity at a distance d (m) from the source;

- Ip is the intensity at the source;

- aris the attenuation coefficient;

- w is the angular frequency of irradiation;

- i is the viscosity of the medium (kg m s-2);

- p is the density of the medium (kg/m3);

-C is the speed of sound in the liquid (m/s);
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From physical-chemical properties of Cyrene, it is possible to approximate a value of ar =
1.41x10-3 m1, so that intensity at maximum distance from the source (20 mm) at the center
of the reactor is equal to 99.99% of the intensity at the source. Consequently, attenuation is

not an issue in the case of the used reactors.

On the other hand, for some reactions in sonochemical setups, larger volumes have been
associated with higher efficiency,32 and can help with the temperature control, which could

explain the higher exfoliation yield with the larger reactor.

4.2.3 Comparison with NMP

Once the best operational amplitude and reactor size were identified, LPE of graphene was
carried out with NMP in the same conditions, to compare the performances of the two
solvents. Figure 79 reports the UV-Vis spectra obtained for the obtained suspensions and

the calculated concentrations of the final suspensions.
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Figure 79 a) UV-Vis spectra recorded for graphene exfoliated in Cyrene (green) and in NMP
(vellow) in 50 mL flask at 40% amplitude; b) histogram comparing concentrations of the
different batches.

While the two suspensions present similar values of absorbance at 660 nm (0.583 for Cyrene
and 0.581 for NMP), the absorptivity reported for NMP suspensions of graphene (2460 L g1
m-1), which is more than 6 times higher than that of graphene in Cyrene, so that the

concentration calculated for graphene exfoliated in graphene is equal to 0.024 mg mL-1.
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To further characterize the obtained exfoliated graphenes, the suspension was filtrated on
PTFE, and after multiple washing with ethanol to remove excess of Cyrene, graphene was
suspended in isopropanol. The isopropanol suspension was used to prepare samples for

transmission electron microscopy.

TEM micrographs of graphene exfoliated in Cyrene (Figure 80a-b) show small aggregated
multi-layered graphene nanosheets. On the other hand, micrographs of graphene exfoliated

in NMP (Figure 80c-d) present multi-layered graphite, with irregular edges.

| |
100 nm 100 nm

Figure 80 TEM micrographs of graphene exfoliated in Cyrene (a-b) and in NMP (c-d) in 50

mL reactor at 40% amplitude.

These evidences suggest that Cyrene outcompetes NMP not only for the yield of final

graphene (10% in Cyrene and 1.6% in NMP) but also for the exfoliation efficacy.
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4.2.4 Pulsed Sonication

To increase the degree of exfoliation, and improve the quality of final graphene, the effect of
slow pulsed sonication on LPE was investigated. LPE was carried out with a sequence of
pulses of 1 s at 40 %, alternating to silent periods of 1 s. The use of pulsed sonication
determines higher efficiency, as it helps controlling the size of cavitation bubbles33 and
preventing energy-loss phenomena, such as the formation of degassing bubbles.3# The result
of pulsed sonication was a clear improvement over the morphology of graphene flakes, as

shown in Figure 81.

Figure 81 TEM micrograph of graphene exfoliated with pulsed sonication in Cyrene, with 50

mL reactor at 40% amplitude.

The pulsed sonication produced wider graphene nanosheets, with more regular edges and

lower thickness. However, the quantitative yield was sensitively lower (2.80%).
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4.2.5 Comparison of Different Graphite Types

Finally, the developed protocol was tested on three different types of graphite, to assess the
influence of the graphite morphology over the final graphene nanosheets. Besides graphite
flakes, graphite powder and spherical graphite were used for this purpose.

Graphite flakes are a type of natural macro crystalline graphite, consisting of large crystals,
uniformly oriented into scaly or lamella forms.35

Graphite powder can be either natural or artificial. The main difference with graphite flakes
is the size of the particles constituting the material, with graphite powder being composed
of smaller particles (<20 um).

Spherical graphite is unstructured form of graphite3> formed of well-rounded spherules of
few um of diameter (<23 pum) with low specific surface area, typically used for batteries and
energy storage.3¢

TEM micrographs of the obtained graphene batches are reported in Figure 82.

Figure 82 TEM micrographs of graphene exfoliated from pulsed sonication of graphite flakes

(a), graphite powder (b) and spherical graphite (c), in Cyrene in 50 mL reactor at 40%
amplitude.
In the used conditions, graphite flakes prove to be the best type of graphite for LPE of high
quality graphene, with wider nanosheets and lower number of stacked layers. Graphite
powder and spherical graphite yielded smaller nanoflakes, with irregular edges and various
layers.
The graphene obtained from graphite flakes was further characterized by XPS and Raman

spectroscopy (Figure 83).
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Figure 83 a) Raman spectrum and b) high resolution XPS spectrum of C of graphene
exfoliated from pulsed sonication of graphite flakes in Cyrene in 50 mL reactor at 40%
amplitude. Raman spectrum was normalized for the highest peak that is the G band.
Specifically, from Raman spectrum it was possible to determine the ratio between the
intensity of the G band and the D band, which is an indicator of the defectiveness of
graphene.3” Moreover, information on the number of layers was extrapolated from the 2D

band, from the ratio I2p/1,383? its Raman shift,38 and line-shape.#041

The Ip/Ic ratio is equal to 0.04, which indicates a very low amount of defects on the surface
of the obtained flakes. The I2p/Ic ratio was calculated to be 0.41, which indicates the presence
of few-layer and multilayer graphene flakes.383% The spectrum of LPE graphene was
compared with data retrieved from a CVD graphene in the same conditions (Figure 84). The
FWHM determined for LPE graphene is approximately two times the value found for CVD
graphene, which is consistent with few-layer graphene (Figure 84b).4142 Finally, the
position of 2D band of LPE graphene is in agreement with an average thickness between

three and five layers.38
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Figure 84 a) Raman spectra of LPE graphene (magenta) and CVD graphene (teal); b)
magnification of the 2D bandes.

From XPS, the ratio between O and C atomic percentage was extrapolated to assess the lack
of oxidation and the efficiency of purification from Cyrene.24 These parameters were used to
compare the quality of the obtained graphene with other examples from literature (Table
14). The obtained graphene is competitive with other examples reported in literature, with

the lowest value of ID/IG, a good value of I2D/1G and %0/%C.
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Table 14 Comparison of different exfoliated graphenes from literature, based on Raman and

XPS analysis.
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4.3 Conclusions

In conclusion for this chapter, the set of preliminary data obtained from the study allowed
us to understand the influence of various operational parameters on the efficiency of LPE to
produce high-quality graphene nanosheets. Amplitude and reactor size influence the
exfoliation efficiency, as the maximum yield was obtained at 40% amplitude in the larger
reactor. Pulsed sonication allowed increasing the sonication efficiency and the exfoliation
efficacy, leading to exfoliation of few-layer graphene nanosheets. The protocol gave the best
results with crystalline graphite flakes. From Raman spectroscopy, the low value for the In/Ic
ratio (0.04) indicates extremely low amount of defects, while from the 2D band the thickness
of the exfoliated graphene was estimated to be in the range of three to five layers. XPS
showed an extremely low content of oxygenated moieties (0.09 O/C) attributable to defects

or the presence of solvent residues after the purification.

Further studies will be needed to optimize the process, especially in terms of yield. However,
the experimental protocol allowed the obtaining of high-quality few-layered graphene

nanosheets that outcompete other exfoliated graphenes from the literature.

Once optimized, the process can be used on a laboratory scale for the sustainable production

of highly conductive printable formulations.

4.4 Experimental Section

441 Materials and Instruments

Cyrene™ Biorenewable (#807796-2.5L), graphite flakes (#808067-2.5KG) and graphite
powder (#282863-1KG) were purchased from Sigma Aldrich and used without further
purification. Spherical graphite (#PG1112) was purchased from ProGraphiteShop.

All exfoliation experiments were carried out using a Fisher Scientific Sonic Dismembrator,
operating at 20 kHz, with an Aluminum alloy converter (183 mm x 63.5 mm) and a Titanium

alloy horn (136 mm x13 mm).

UV-Vis spectra were collected with an Agilent Cary 5000 UV-Vis spectrophotometer, at room
temperature with plastic cuvettes, in a wavelength range comprised from 300 nm and 800

nm.
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TEM images were recorded with a Phillips CM200 transmission electron microscope
equipped with Quemesa camera (Olympus Soft Imaging Solutions) and RADIUS software for
image acquisition. Samples were prepared by dropcast of the aqueous suspensions
(concentration 0.5 mg/mL) on Lacey Carbon 300 mesh copper grids (approx. grid hole size:

63um), purchased from TED PELLA Inc.

Raman spectra were recorded using a Renishaw inVia Raman microscope. A laser excitation
wavelength of 633 nm, lens-based spectrometer with 1800 gr mm-1 gratings, Peltier-cooled
front-illuminated CCD camera (1024 x 532 px), and a 100x objective were employed.
Samples were prepared by drop-casting MoS:z solution on a silicon oxide slide and drying it
under ambient conditions. Each spectrum is derived from the average of at least 100 spectra
recorded in different spots of the sample for 5 s with a laser power of 1.29 mW. Data were

processed using Renishaw WiRE 4 software.

X-ray Photoelectron Spectroscopy (XPS) spectra were registered with an XPS/UPS - SPECS
SAGE HR-100 equipped with a 100 mm radius PHOIBOS analyzer, where 421 Mg Ka X-ray
source was used. The samples were prepared by drop-casting 80 pL of a 0.5 mg/mL
suspension of material in Milli-Q water, on a gold-coated substrate. The samples were then
let dry under vacuum. The spectra were fitted using CasaXPS and calibration was performed
using the major component of the C high-resolution spectrum as a reference at 284.0 eV,

which is the value reported for sp2 carbon for graphene.

4.4.2 Exfoliation of Graphene

Graphite flakes (45 mg) were ground with porcelain mortar and pestle for 10 minutes
(Figure 85a). Subsequently 15 mL of Cyrene were added and the mixture was ground for

other 2 minutes (Figure 85b).
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Figure 85 a) Graphite grinding; b) grinding of graphite + Cyrene.

The mixture was then transferred to a round bottom flask (50 mL) and Cyrene was added,

reaching a final volume of 30 mL.

Pulsed sonication was applied at 40% amplitude, with a sequence of pulses of 1 s alternated
to silent periods of 1 s, for 30 minutes (15 minutes of active sonication). The flask was kept

in ice during the whole procedure.

After sonication, the suspension was centrifuged at 5000 rpm for 10 min at 25 °C. The

supernatant was collected and stored at 4 °C.

To prepare samples for TEM, XPS and Raman analysis, graphene flakes were filtrated on

PTFE filter (0.45 pm), and washed by resuspending in ethanol (100 mL) for five times.

The final material was resuspended in isopropanol.
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