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1. Extended Abstract

The scientific interest in nanotechnology and nanomaterials can be traced back to
about sixty years ago (1959, in the occasion of the Annual Meeting of the American
Physical Society), when a new approach for manipulating and controlling matter on
a miniaturized scale rose. The subsequent huge increment in the involvement of
nanomaterials in science is due to their peculiar properties: increased surface-to-
volume ratio, quantum size effects, new physical and optical features, high active
surface area, enhanced or different mass transport, improved selectivity and so on.
All these characteristics make nanomaterials extremely suitable for a wide range of
applications, from energetics to catalysis and sensing.

In the last few decades, apart from “single-component” nanomaterials, the
use of “hybrids” (made of two or more components) is growing. This is connected
to the fact that, since in a composite the instauration of synergistic effects is confined
to the interfacial region of the mixed materials, in nanomaterials, because of the small
size, these effects may become a dominant factor. The result is the instauration of
new and unexpected properties (often sought and interesting) that are not only the
sum of the individual contributions. Considering all these facts, hybrids are extremely
good candidates to be applied in several fields.

In this PhD Thesis Project, hybrid nanomaterials are the subject of a deep
electrochemical study with the final purpose of optimizing electroanalytical sensors
for organic, inorganic and biological analytes, also at trace levels. The single
components of the hybrids here presented are metals, graphene and graphene-derivatives,
and semziconductors.

In more detail, metal-metal hybrids are gold-based bimetallic systems (AuPt,
AuPd and AuAg), in different conformations (alloy or core-shell) that are
characterized combining electrochemical results with those obtained by more
conventional techniques (TEM, EXAFS). The use of electrochemistry for
understanding the real structure of the hybrids is presented as a low-cost, easy to use
and fast alternative technique, which allows also following in time the

conformational evolution of selected bimetallic systems. The effect played also by
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1. Extended Abstract

the possible presence of a support onto the electrochemical and electrocatalytic
properties of the nanoparticles is considered, showing promising results in terms of
selectivity of the materials. Moreover, the enhanced performances of the bimetallics
instead of the monometallics in the detection of target analytes (cinnamyl alcohol
and aldehyde in the case of AuPd systems and organic halides for what concern
AuAg) is verified.

The interest is then moved to metal-semiconductor hybrids, particularly to
Au/TiO;based devices, in which the presence of gold nanoparticles is exploited for
the electroanalytical detection of a contaminant of emerging concern (diclofenac)
while the presence of TiO, is essential in order to avoid problem of fouling and
passivation of the electrode. The photo-renewability of the electrode is verified,
allowing to restore the starting performances of the device even after the
electroanalytical use. The instauration or not of a real interface between gold and
TiO; is explored, analysing electrochemical results gained by Cyclic Voltammetry
(CV) and Electrochemical Impedance Spectroscopy (EIS).

With regard to graphene-metal hybrids, two materials made of Reduced

Graphene Oxide (RGO) decorated with gold nanoparticles are involved for the
detection of both organic and inorganic molecules (dopamine and arsenic). In both
cases, strong enhanced properties are highlichted in the use of the hybrid with
respect to its single components, with low detection limits and high sensitivities
reached.
A different material, also based on RGO platform, is used for the construction of a
biosensor, labelled with gold nanoparticles, for the electroanalytical detection of the
antigen H-IgG. In this case, the possibility to use papet-based electrodes is of
particular interest for the construction of low-cost and user-friendly (in terms of
facility of use) sensors.

Finally,  graphene-semiconductor hybrids —are analysed, starting from
graphene/TiO, materials. Different electrodes modified with several layers of

graphene (from one to five) decorated with titanium dioxide nanocrystals are
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1. Extended Abstract

electrochemically characterized and differences in the electrochemical response and
activity are highlighted passing from a graphene to a graphitic-like structure. The
presence of TiO, nanocrystals is verified to act as a coverage of the defective site,
changing again the reactivity of the device toward selected analytes. Moreover, the
photo-renewability of the sensors is again exploited.

Another hybrid of this group is based on RGO and PbS nanocrystals, in which the
light harvesting properties of the semiconducting particles are combined with the
high conductivity of graphene in order to create a promising device to be applied
from electronics to sensing fields. The electronic communication between the two
materials and the hole transfer from photo-excited PbS nanocrystals to graphene is
verified also allowing to claim the presence of an interface between the two
components of the hybrid.

In conclusion, several hybrid materials are here investigated starting from
their physico-chemical and electrochemical characterizations. Their application as
electroanalytical sensors is explored, evidencing the presence of synergistic effects in
the hybrid with respect to the single components, assuring enhanced properties and

superior performances.
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2. Introduction

2.1 Nanotechnology and Nanomaterials in
Electroanalysis

What is “nano’’?

The advent of nanotechnology can be dated back to the famous lecture held by
Richard Feynman, on the 29" December 1959, when, during the annual meeting of
the American Physical Society, he told: “There’s plenty of room at the botton”." With this
sentence, Feynman paved the way towards a new approach for manipulating and
controlling properties about matter, on a miniaturized (atomic and molecular) scale.

In general, he catalysed the attention to the nanotechnology field.

A more precise definition of “nanomaterial” was given later, from the European
Commission on 18" October 2011. A nanomaterial was then named as a “natural,
incidental or manufactured material containing particles, in an unbound state or as an aggregate or
as an agglomerate and where, for 50% or more of the particles in the number size distribution, one
or more external dimensions is in the sige range 1 nm — 100 nn”’. So, it is possible to
distinguish nanoparticles (zero dimensional), nanowires (one-dimensional) and
nanosheets (two-dimensional). Lots of biological entities, like proteins, nucleic acids
and viruses fall into the nanosized scale, but also a plethora of synthetic materials of
various chemical compositions, from pure chemical elements (metals, carbon,

silicon) to inorganic (metal oxides) and organic (polymers) compounds.

The application in science of nanomaterials are the most various ones, from sensing
to catalysis, thanks to all their favourable features and above all, to the increased

surface-to-volume ratio.

In the specific field of electrochemistry and electroanalysis, which are the main topic
of this PhD Thesis, this peculiarity reflects in new quanto-mechanical (guantum size
¢ffect), physical and optical effects. Moreover, nanomaterials possess an enhanced

mass transport (which facilitates the study of faster electrochemical processes), high
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2. Introduction

active surface area, improved selectivity and reduced cost. They are also characterized
by a high signal-to-noise ratio and by an enhanced (or in general changed) diffusion
mechanism. All these properties allow to provide control over the local
microenvironment.> Considering all these facts, nanomaterials are good candidates

to be applied in electroanalytical sensors.

Glucose Protein DNA Virus Cell Salt Grain Tennis Ball
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Figure 1.1: Different kind of natural and synthetic materials related to their size, with particular
attention to the range of nanosized ones.

Diffusion Mechanisms from Macro to Nano-electrodes

The target of this PhD Thesis is the study of electroanalytical sensors with
applications in liquids, using voltammetric experiments in particular. As a
consequence, in this Paragraph, a general introduction on the phenomenon of
diffusion in liquids will be developed, with a particular attention on the effect that
the use of nanomaterials has in this field, starting from the related mathematical

equations.

Diffusion phenomena were firstly been treated and studied in depth by the
pioneering work of Adolf Fick, more than 150 years ago.' Diffusion is a
phenomenon occurring when a concentration gradient is present. In more details,
diffusion of a particular species toward an object is established from a zone of higher
concentration to a one of lower concentration. It is possible to talk about a dijffusive

flux, at any point, described by Fick’s first Law (Eq. 1.1):
18



2. Introduction
—_pZ&
J ox (1.1)

where /is the flux (in mol cm™s™), describing the number of moles that pass through
. . . Jc . . . . .
unit area in unit time, — is the local concentration gradient at the x point and D (in

cm’ s') is the diffusion coefficient, typical of the molecule that is under investigation and
that it is diffusing in the environment. The minus sign is implying that the flux is on
the opposite direction than the concentration gradient. It is worthwhile noticing that
in a common voltammetric experiment, where the electrolyte solution is not
particularly viscous, like some ionic liquids,” the values of D are commonly in the
range of 10° to 10° cm® s, and they are dependent from the temperature, often
following an Arrhenius-type relationship. Moreover, following Eq. 1.1, it is evident
that the flux is driven only by concentration differences in solution and no gradients
of electrical potential is taken into consideration. This is correct in case of uncharged
diffusing species, but in the case of ions (charged species), the electrical potential has
a significant effect. By the way, it is common practice in a voltammetric experiment
to work with sufficient quantities and concentrations of background electrolytes
(supporting electrolytes) that eliminate the presence of significant electric fields in the
solution except the one very close to the electrode surface. In this way, it is possible
to assume that, in a conventional experiment, the materials in solution are brought
towards the electrode only by diffusion (in a quiescent environment, at constant
temperature, also the cmvection mechanism is suppressed). But how is the
concentration changing with time? The answer to this question is given by the Fick’s

second law (Eq. 1.2), in one dimension:

dc d?c

ot dx? (1.2).

Now that the equation for the flux are given, it is interesting to introduce them in a

practical voltammetric experiment, where, in general, a potential is applied to an

19



2. Introduction

electrode and the resulting current is measured, as a function of time. In more details,

it follows the Eq. 1.3

I =nFAj (1.3)
where 7 is the number of electrons that are involved in the electrode reaction and F
is the Faraday’s constant, .4 is the electrode area and finally ; is the flux. By
substituting the flux as expressed by the Fick’s First law, it follows the Cozzrel/
Eguation (Eq. 1.4):

nFAvVDc*
I = i (1.4)

from which it is easily to understand that the current of a reaction at an electrode,
resulting from a potential step, decay to zero with an inversely proportional
dependence to the square root of time. This equation is valid in the case of a planar
macro-electrode. When dealing with spherical or hemispherical electrode, the
equation that regulates the flux toward the surface is the following (Eq. 1.5), where

7. represents the radius of the electrode:

1 1
Dot 1
J=Dc [’_Dnt+re (1.5).

In this case, it is evident that the flux, and so the current, are dependent both from
the time and from the radius of the electrode (7). The first term is the “time-
dependent” term, while the second one represents the “steady-state” condition, in

which effectively the current is independent from the time and stay fixed at a certain

value. In a “short-time” limit, when VDmt K 13, the second term of Eq. 1.5 is

negligible and the flux is now descripted by Eq. 1.6, while in the “long-time” limit,
when VD1t >> 1, the flux is descripted by Eq. 1.7:

20



2. Introduction

Q*
S

j= N (1.6)

J=b (1.7)
So, in the first case, an almost /Jnear diffusion (or planar) is expected, meaning that the
current lines are behaving like they are perpendicular to the surface of the electrode
and parallel one to the other. In the second case, on the contrary, convergent diffusion

(ot radial) is established, where the current lines come to the electrode from every

direction and they are not parallel one to the other (see Figure 2.1).

N N2

E - -
Dnt <<r, JDnt >>r,

Almost linear diffusion “Convergent”
diffusion

Figure 2.1: Schematical representation of two different diffusion mechanisms at a spherical
electrode.t

In the “long time” limit, the diffusion layer thickness is high and it is higher than the
time-scale of the performed voltammetry. In this case, a steady-state current is
normally reached, resulting in a step-shaped voltammetric signal. Figure 2.2 shows
the relationship between the size of the electrode, with respect to the diffusion layer
thickness, and the contribution of convergent diffusion to the observed
voltammetry. It is evident how the convergent diffusion is responsible for a different

shape of the voltammetric signal, but also for an enhancement of the current

21



2. Introduction

intensity values. The magnitude of the flux under steady-state conditions is
proportional to the size of the electrode: the smaller the electrode, the greater the
current density and the faster the material diffuses to (and from) the electrode

surface.

A
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Figure 2.2: Schematic diagram showing the relationship between the size of the electrode (with
respect to the diffusion layer thickness) and the contribution of convergent diffusion to the observed
voltammetry.©

It is almost clear now that it is possible to have different diffusional mechanisms by
changing the experimental conditions and the type of the electrode. In this context,
the differences in the type of the electrode platforms, intended in their size and
shape, is of particular interest. In fact, a macro electrode is completely different from
a micro or a nano-electrode, starting from the diffusional mechanism that are

involved at their surfaces. In more details, smaller electrodes lead to:

a) Non planar diffusion: microelectrodes favour faster rates of mass transport,
leading to current lines that approach the electrode in a radial way and from
every direction, with a diffusion layer thickness higher than the size of the

electrodes itself.
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2. Introduction

b) Reduced Capacitance: The capacitance of the double layer is related to the
electroactive area of the electrode. The reduction of the electrode area
reduces the capacitance.

©) Reduced Obmic Drop: The ohmic drop is proportional to the total current
passed. Dealing with smaller electrodes, this current decreases.

The advantages in the use of microelectrodes is again enhanced if more than one
electrode is involved in the experiment. In this case, it is created a so-called
microelectrodes array. This definition refers to systems in which hundreds or even
thousands of microdisc electrode wires are in parallel. They can be produced in
several ways, from lithography to random assembly. The peculiarity of these systems
is that they can provide a voltammetric response of similar magnitude to their macro
counterparts, but with a considerably less background capacitive current.’ For what
concerns the redox reaction of a probe toward such electrodes, different situations
can be imagined. In fact, in the case of an array of microdisc electrodes separated by
an insulating material, individual diffusion layers will develop and growth during the
experiment. Depending on the size and the reciprocal distance between the
microelectrodes, the diffusive layers will overlap or not in different ways, resulting in
different diffusional mechanisms of the redox reaction. A schematic representation
is shown in Figure 2.3. In the first category (Figure 2.3, 1), the microelectrodes are
so far apart that their diffusion layers do not interact and they are fully independent,
since the time-scale of the voltammetry is short (fast scan rate). In this case, a planar
diffusion to the electrode is expected, with a peak-shaped peak. In the second case
(Figure 2.3, 2), the electrodes are sufficiently spaced like the situation 1, but now
the time-scale is longer and the diffusional mechanism is radial (convergent),
resulting in a step-shaped curve. In the third case (Figure 2.3, 3), the microelectrodes
are closer and the diffusional layers are partially overlapped. This situation is a mixed
one, with voltammetric properties that are not perfectly categorized. In the last
category (Figure 2.3, 4), the microelectrodes are so close that there is a complete

overlapping of the diffusional fields leading to a situation in which the array is
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2. Introduction

behaving like a macroelectrode (peak-shaped curves and peak current scaling with

the square root of the voltage scan rate).

Considering all these facts on the diffusional mechanism and the size of the
electrodes, it is possible to explain how the current intensity varies in the case of a

macroelectrode and in the case of a spherical (or hemispherical) microelectrode.

Small electrodes, short times 2 Small electrodes, longer times
individual diffusion layers: individual diffusion layers:
planar diffusion non-planar diffusion
:_’_‘fs.‘. /(’. it
i EEAEAN
b L
ele m/n:‘; m-w"r material
insulating
electrode f material

Small electrodes, closely spaced Small electrodes, very closely spaced
overlapping diffusion layers 4 heavily overlapping diffusion layers:
planar diffusion

Figure 1.3: Different diffusion profile that can be present at an array of microelectrodes.®
For a macro-electrode, the current is governed by the Randles-Sevcik equation (Eq.
1.8):

Lok = 2.69 - 1075 n*/2D"2¢,v'/24 (1.8)

p

where L. is the peak current, 7 is the number of electrons transferred in the rate
determining step, D is the diffusion coefficient, Cjx is the bulk concentration of

active species in solution, » is the scan rate and A is the electrode surface area.
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2. Introduction

In the case of a hemispherical electrode, the limiting current (steady state) is

explained by the equation 1.9:

Ilim = ZnnFCbulkDT (19)

where 7 is the radius of the electrode. In the case of an array of microelectrodes,
where actually their shape is a hemispherical one, it is considered that one electrode
should be distant for at least a value equal to 107 to its nearest neighbour to be
diffusionally independent. In this way, the total current for a particular area 4 of the

nanoparticle array is:

Itotar = himA(107) 72 (1.10)

Taking typical values for the parameters of =1, D=1 107 em®s™', Ce=1 10~ mol
cm’, =1 107V s7' and A=1 cm’, the peak current for different electrodes can be
estimated as follow:
Macroelectrode: 7= 85 * 10° A
Nanoparticles Array (= 1 pum, 10 rspacing): I=6 10* A

(r= 100 nm, 10 rspacing): I=6 10° A
This calculation illustrates a potentially great advantage of reducing the size of the

nanoparticles in an array in theory.”
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2. Introduction

2.2 Hybrid Nanomaterials

According to IUPAC Gold Book, an “Hybrid” is defined as a “waterial composed of an

intimate mixture of inorganic components, organic components, or both types of component. The

components usually interpenetrate on scales of less than 1 pnr”.

Nowadays, hybrid materials chemistry represents a common topic of the scientific
domain for chemists. For this reason, it is obviously impacting numerous societal
and industrial demands. Hybrid materials chemistry represents an inherent
interdisciplinary field of research and development, since it links a huge variety of
fields and applications.”

Starting from macroscopic structures, different materials can be integrated together
to provide systems with tailored properties from the disparate components. In such
systems, each component usually retains its original properties while modifications
are confined to the interfacial region, which is much smaller than the entire system.
In hybrid nanomaterials, defined as a class of materials made of two or more
components in which at least one of them owe a dimension in the nanoscale regime,
new properties can be attained. In fact, by combining several materials on the same
nano-system, due to the small size, the effect of synergistic properties of the separate
components may become a dominant factor.® In general, for a hybrid, the physico-
chemical properties can be tuned and they are not only the sum of the individual
contributions of both materials.

The single components of a hybrid nanostructures can be chosen from a wide range
of materials like metals, metal oxides, metal chalcogenides, polymers, carbonaceous
materials and so on.” They can be synthesized in several ways and with the most
various size, shape and compositions. In the case of metal-metal hybrids, normally
in the size and shape of nanoparticles, it is possible to found alloy, core-shell, Janus-

' (see for

type nanocomposites, synthesized via bottom-up or top-down approaches
more details Chapter 3). Regarding other types of materials, among the most diffuse
hybrids, the organic-inorganic nanomaterials, defined as nanocomposites with

26



2. Introduction

intimately mixed organic and inorganic components, can be found. The control of
the physico-chemical nature and the extension of hybrid organic/inorganic interfaces
is of primary importance since it regulates the material's transparency, chemical

7,11

homogeneity, and stability.” The inorganic part is normally composed by metal
oxides and metal-oxo polymers, usually produced as amorphous networks,
nanocrystalline networks or metal-oxo clusters via condensation of metal organic
precursors or metallic salts. Organic components can be introduced into an inorganic
network in two different ways, as network modifiers (molecules) or network formers
(macromolecules).’

Another big component of the organic/inorganic materials are the colloidal
heteronanoctystals, made of inorganic nanoparticles coated with an organic ligand."*
5 One of the essential feature of these last materials is their nanoscale dimensions,
which generate size effects to be exploited in order to engineer the material
properties. Spatial confinement effects become increasingly important as the

dimensions of a nanocrystal decrease below a certain critical limit, leading to size-

and shape-dependent electronic structure.'”

2.3 Focus of the Thesis

Considering all the above mentioned features, the great advantages in the use of
nanomaterials in electrochemistry is clear and is the reason of the interest of many
scientists in such a field. The number of works about nanomaterial-based electrodes
are growing drastically over time and the potentialities of these devices are
dramatically expanding. The applications are the most various ones, from sensing to
catalysis, electrocatalysis and energetics. Apart from simple nanomaterials, also nano-
hybrids are growing in interest over the last decades and their application is

reasonably connected to the enhancement of all the properties of the starting
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2. Introduction

components in the final composite. Among all the applications, electrochemistry and
electroanalysis play a crucial role.

The focus of this PhD thesis will be the sensors field. Different hybrid nanomaterials,
based essentially on different combinations between metals, graphene and
semiconductor materials will be studied in depth, starting from the single
components and then to their combination in the final devices. In more details,
Metal-Metal and Metal-Semiconductor Hybrids will be the subject of Chapter 3 and
4, Graphene-Metal and Graphene-Semiconductor Hybrids the ones investigated in
Chapter 5 and 6, respectively. The enhanced performances of the hybrids will be
highlighted, thanks to the application of these materials in the electroanalytical

detection of different molecules, from inorganic, to organic and biomolecules.
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3. Metal-Metal Hybrids

Introduction

Monometallic vs Bimetallic Nanoparticles: Highlights

As already mentioned in the General Introduction (see Chapter 2), what is named
“nano” is intended as a material of which a single unit is sized, in at least one
dimension, between 1 and 100 nm (nanometer = 10” m). This feature reflects in a
plethora of peculiar properties of nanomaterials, above all, the increased surface-to-
volume ratio and quantum-size effects.'! Focusing the attention on metal
nanoparticles, it is important to underline the fact that they possess much larger
surface area than the correspondent bulk materials. This evidence has led to
widespread the applications of metal nanoparticles in a lot of field, from catalysis to
sensing. Among them, electrochemistry, electrocatalysis and electroanalysis, which
are the main areas of this PhD Thesis, have seen a huge evolution in the use of metal
nanoparticles over the last decades. From an electrochemical point of view, it is
important to highlight, among the unique properties of nanoparticles, the enhanced
mass transport (which facilitates the study of faster electrochemical processes), the
high surface area and the improved signal-to noise ratio. Moreover, nanosized
electrode materials possess an enhanced (or in general changed) diffusion mechanism

and they provide control over the local microenvironment.>?

Apart from
monometallics, also bimetallic particles have attracted more and more interest from
both the scientific and technological point of view. Bimetallic nanomaterials are
composed by two metal elements and, thanks to the instauration of synergistic
effects, they possess different and often enhanced performances than the

correspondent monometallic counterparts, as reasonably expected when dealing with

hybrid materials.*
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Monometallic Nanoparticles: Preparation Methods

In general, the preparation methods of metal nanoparticles can be divided into two
big families: physical and chemical techniques. The former includes evaporation and
laser ablation methods; they can be defined more generally as “zop-down” approaches,
since they involve the subdivision of a bulk material into particles. The latter, “bottom-
up” approaches, generally involves a first step of chemical reduction of an ion into a
zero-valent metal followed by a particle-growth process. These methods can be
classified as general chemical, sonochemical, photochemical and electrochemical
ones. The main advantage of the chemical methods, apart of being more suitable for
mass production, resides in the possibility to control the primary structure of the
material, in terms of size, shape and composition. This aspect is of tremendous
impact especially in the preparation of bimetallic particles (see next Paragraph
“Bimetallic Nanoparticles: Preparation Methods”), because the structure affects

the physical and chemical properties of the material itself.’

The first synthesis of metal nanoparticles traces back to 1857, when Michael Faraday
prepared an Au colloidal solution, in which the dimension of the particles were found
to be between 3 and 30 nm, by chemical reduction of an Au(IIl) precursor.’ In that
synthesis, the reducing agent were citrate ions, which also adsorb on the surface of
gold nanoparticles acting as stabilizers. The presence of a stabilizing agent was then
found to be crucial to prevent aggregation processes. Consequently, the use of
synthetic polymers started to be more and more involved for the preparation of
colloidal metal nanoparticles (called polymer-stabilized nanoparticles).”® In these
procedures, the reduction of ions into a zero-valent metal is then followed by the
coordination of the stabilizing polymer to the metal particles. The protective
properties of polymers used as ligands also reflect on the final dimensions of the

nanoparticles.
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Bimetallic Nanoparticles: Preparation Methods

Starting from the huge works of Toshima and others,” in the early 90s, a new era for
the synthesis of hybrid nanoparticles systems born. The general synthetic procedures
for bimetallic nanoparticles can be grouped essentially into two categories: co-reduction
(“one-pot” synthesis strategy) ot subsequent reduction (“two-step” synthesis strategy) of
the two metals. Less used is the galvanic replacement method. Depending on the nature
of the reducing agent, on the type of stabilizing agent, on the reaction temperature,
time and so on, different bimetallic systems in terms of size, shape, metal loading,

morphology and composition can be obtained.*
- Co-Reduction Method

Co-Reduction methods generally represent a single-step chemical reduction of two
different metals (precursors) in a suitable selected solvent. It is a simple strategy,
similar to the one involved in the synthesis of monometallic nanoparticles with the
difference in the number of metal precursors.” This procedure normally favours the
rapid nucleation of both metals making it suitable for the synthesis of nanoalloys (for
more details see next Paragraph “Bimetallic Nanoparticles: Structure”). This
happens when a strong reducing agent is involved, while the use of a reagent with a
softer reducing power favours the delayed nucleation with the consequent formation
of the so-called core-shell nanoparticles (for more details see next Paragraph

“Bimetallic Nanoparticles: Structure”).’

Considering the various synthetic parameters and the possibility to use different
protecting agents and reducing reactants, the final combinations of metals in
bimetallic structures can be the most various ones. To mention some examples,
Toshima and others reported the synthesis of Pd-Pt, Pd-Au,'™'" Pd-Rh" alloyed
nanoparticles by the simultaneous reduction of the alcoholic solution of the metal
salt precursors in the presence of poly(vinylpyrrolidone). Later, the same author
proved the preparation of colloidal dispersion of Pd-Ni bimetallic clusters by the co-

reduction of the metal salts with ethylene glycole."” Richard and co-workers reported
35



3. Metal-Metal Hybrids

the preparation of Pt-Ru bimetallic systems using a different type of reducing agent:

glucose."
- Successive (or Two-Step) Reduction Method

The successive reduction method, as the definition suggests, involves the reduction
of a first metal ion, followed by the reduction of a second metal ion. Thanks to the
instauration of metal-metal bond, the second metal is normally deposited on the
surface of the first one, creating a typical core-shell structure (for more details see
next Paragraph “Bimetallic Nanoparticles: Structure”). The precise control of the
core-shell structure is essential to obtain intended catalytic and electronic properties
and represents a crucial issue in this context. In fact, the formation of the shell on
the metal core is favoured when the internal metal ions have a high-redox potential.
The preformed seed (internal core) should be chemically inert to the metal ions
designed to be deposited to form the external shell and this happens if the external
atoms possess a lower redox potential than the one of the internal core. Moreover,
the external deposited metal atoms should stand on the surface of the metal core
without migrating into the phase of the core under the preparation condition. For
this reason, the synthesis of a metal core protected by strong organic ligands or
protecting agents with strong coordination ability should be avoided. Some strategies
were proposed to success in this aspect, for example, an “hydrogen-sacrificial”
protective strategy as performed by Toshima et al."” In more details, hydrogen is
adsorbed onto Pd or Pt surface and split in order to form metal hydrides on the
metal surface. The adsorbed hydrogen atoms possess a very strong reducing ability
since they have a quite low-redox potential. For this reason, the second metal ions
that are added to form the shell are easily reduced by the presence of the adsorbed
hydrogens and the bimetallic particles with a core-shell structure is successfully

formed.
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Bimetallic Nanoparticles: Structure

As already explained by exploring the different synthetic procedures for bimetallic
nanoparticles, they can be grouped essentially into two big families, alloy or core-

shell. The difference is in how the two metals are mutually distributed in space.
- Alloy Nanoparticles (Nanoalloys)

Nanoalloys, as the name suggest, are nanoparticles created by the simultaneous
reduction of two metals, in which the starting materials are finally in intimate contact
and connected one to the other, in order to form a completely different system. Alloy
nanoparticles can be synthesized in a very wide range of combinations and
compositions. The final structure, size, composition and degree of segregation or
mixing strictly depend on several parameters. In more details, considering an A,Bn
nanoalloy (in which A and B represent the two metals), the degree of

segregation/mixing and atomic ordering depends on the following factors:'

a) Relative strenght of the A-A | B-B and A-B bonds. As it can be easily imagined, if the
A-B bond are stronger than the A-A and B-B ones, the mixing is favoured; otherwise,

the nanoalloy overcomes segregation processes;

b) Surface energies of the two metals A and B. If an element has a low surface energy,

it tends to segregate at the surface of the cluster;

¢) Relative A/ B atomic sizes. In this case, the smaller particles tend to stay in the

external layer, particularly if they are subjected to compression;

d) Charge transfer. The mixing is generally favoured from less to more electronegative

elements;

e) Strength of binding to surface ligands. 1f the strength of the bond between the metal

and the ligand/support is too strong, the metal can be pulled out towards the surface;

1) Specific electronic/ magnetic effects. Electronic shell structure or electron spin interaction

can be responsible for changed composition, size and of segregation arrangements.
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The balance of all these factors, together with the various preparation methods
techniques and different experimental conditions, strongly affect the final alloy

structures.

Nanoalloys can exist in various type of media such as colloidal solutions, cluster
beams, supported on target surfaces or inside pores. By varying the composition, the
atomic ordering and the size of cluster, the physico-chemical properties of the
nanoalloys can be easily tuned and modified. As a result, the bimetallics often possess
special stability or different chemical and catalytic activity that the correspondent
components do not have. These enhanced properties, established thanks to the

instauration of synergistic effects, represent the main interest in such materials.

- Core-Shell Nanoparticles

In this case, differently from nanoalloys, the bimetallic nanoparticles are composed
by two metals that are distinct in the whole structure. In more details, the first metal
represents the internal core, while the second one creates a shell around the core
cluster. These structures are obtained by the “subsequent reduction” method,
previously reported. Apart from the most typical spherical core-shell, these systems

can be synthesized in several shape, as it can be seen in Figure 3.1."
(aO (b) (6
(dG (e)Q

Figure 3.1: Core shell nanoparticles different in shape: (a) spherical, (b) hexagonal, (c) multiple
small core materials coated by single shell material, (d) matryoshka, (e€) movable core within hollow
shell.

38



3. Metal-Metal Hybrids

The different properties of core-shell particles are dependent not only to the
different size of the components but also on their shape. In fact, the presence of
anisotropy effect, due to changes in shape, can reflect in different magnetic and
optical behaviour of the nanoparticles and in the presence of plasmon resonance
effects. Not only, also catalytic activity and selectivity are shape-dependent

properties."®?

Core shell nanoparticles can be synthesized in a plethora of different composition,
depending on the nature of the precursors. Bimetallic particles are comprised in the
family of “inorganic/inorganic” core shell materials, even if other combinations with

organic precursors can be easily found.

The interest in core-shell particles is rapidly growing, since they are highly functional
materials with modified properties. In fact, the possibility to have distinct core and
shell can be exploited in many ways. For example, because of the external coating,
the properties of the internal core, like the reactivity, can be decreased or the thermal
stability can be modified, with the result of an overall increase in the particle stability
and reactivity. Moreover, the surface elements give to the material their peculiar
properties like catalytic and optical activity, but these properties can be tuned by the
presence of the internal metal core. In general, the hybrid particles show distinctive

properties of the different materials employed together.”"”

Bimetallic Nanoparticles: Characterization Techniques

Characterization techniques commonly involved in the study of bimetallic
nanoparticles are basically the same that are used for monometallic ones. They can

be listed as follow:

a)  Transmission Electron Microscopy (TEM), which can give the most important
information on size, shape and distribution of the nanoparticles. This
technique is normally associated to EDX (Energy Diffraction X-Ray analysis),
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b)

d)

in order to have information on the crystal structure. High Resolution TEM
(HRTEM), in addition, can give atomic resolution real-space imaging of the
particles;*"*

UV-Vis Spectroscopy, which provides general information on the formation
and final structure of the bimetallic nanoparticles, thanks to the presence,
absence or changed position of the typical plasmonic band associated to
selected metals, such as Au, Ag, Cu and Hg.”*® In fact, when a metal ion is
gradually reduced to a zero-valent nanoparticle, the absorption plasmonic
band of the zero valent metal appears, while the one relative to the metal ions
disappears. By looking at the metal-to-ligand or ligand-to-metal charge
transfer transition and the formation of band structure of nanoparticles, it is
possible to follow the actual degree of consumption of the precursors and
the formation of the final desired system;***’

X-Ray Diffraction (XRD), which provides useful information on the crystal
phase, lattice constant and average of the particle size in the sample. In the
particular case of bimetallic systems, XRD is a precious tool to recognize the
presence of an alloyed structure, simply by verifying the appearance of
diffraction peaks in position between the ones of the pure constituent metals.
In general, from the position of the peaks it is possible to know the nature
of the particles while from the sharpness of the signals it is possible to gain
information about the size of the particle itself;***

X-Ray Photoelectron Spectroscopy (XPS), from which it is possible to obtain
information on the surface structure of the bimetallic material;*

Extended X-Ray Absorption Fine Structure (EXAFS); a powerful spectroscopy
technique to evaluate the nature, the distance between atoms and their
coordination sphere in a bimetallic sample. Absorption edges in an EXAFS
spectrum of an element are related to the excitation of electrons from various

electronic states at energy characteristic of that element (Z.e. K edges derive

from excitation of electrons in 1s states).”’”> Apart from this, by analysing
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the fine structure generated by the increased X-Ray energy on a selected edge,
it is possible to have information about the environment of the absorbing
atoms. In fact, the fine structure is generated by the interaction of the waves
associated to the emitted photoelectrons and the ones to the backscattered
neighbouring atoms.

7)) CO-IR Spectroscgpy; a technique that can give information on the surface
structure of a bimetallic, thanks to the variability of the IR signal

(wavenumber) of CO absorbed on a metal surface.””

Aim of the Project

In this part of the Thesis Project, the potentialities of bimetallic nanoparticles as
electrodic platforms are investigated in depth. Different bimetallic systems (in
particular, AuPt, AuPd and AuAg nanoparticles) are studied in order to clarify the
effective structure and the possibility to undergo changes after aging time, being able
to distinguish between alloyed or core-shell systems. What it is worthy to be
underlined is the fact that electrochemistry is here proposed as an alternative, cost-
effective and easy to use technique with respect to the commonly involved
characterization tools for the study of bimetallic systems (see Paragraph “Bimetallic
Nanoparticles: Characterization Methods”). The effect played by the possible
presence of support is also investigated and final application in electrocatalytic
experiments is considered. The general aim is to highlight any relevant difference
among the bimetallic but, above all, to underline the presence of synergistic effects
and the enhancement of the performances in the case of the hybrids with respect to

the single components.
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3.1 Gold and Platinum Bimetallic Systems

Focus

The aim of this part of the Thesis work is to deeply characterize bimetallic systems
based on gold and platinum, in order to understand their final structure (Z.e. alloy or
core shell) and, above all, to follow their formation during the synthetic procedure

and after aging time.

As already mentioned in the Introduction of Chapter 3, bimetallic systems
(nanoparticles, in this case) are widely studied because of their attractive catalytic,
magnetic and sensing properties, which are different and often better than the ones
of the correspondent monometallic components'™. These enhanced performances
drove the attention of many scientists in the study of bimetallic nanoparticles for
several applications such as sensors, catalysts, electrocatalysts, fuel cells". Besides
the type and the quantity of metals involved in the bimetallic structure, it is important
to know the real final structure of the system, being able to discriminate between an
alloy, a core-shell (intact or partially defective), a Janus-type system and so on. More
interesting is the possibility to follow the formation morphology of bimetallic
nanomaterials during their synthesis and after aging periods. In fact, since now, few
papers in the literature can be found on this topic, which represents a remaining
challenge and a gap to be fulfilled. Usually, some of the conventional techniques
involved in the characterization of these systems, that are able to give information
on the fine structure of the materials, are High Resolution Transmission Microscopy
(HR-TEM) and Extended X-Ray Absorption Fine Structure (EXAFS) (for more
information see Paragraph “Bimetallic Nanoparticles: Characterization
Techniques” in Chapter 3). Despite being accurate and powerful techniques, they
suffer from being expensive and not so easily accessible, especially for a general and

118 Electrochemistry (in particular cyclic

tirst survey of the systems’ characteristics
voltammetry) is here proposed as an alternative, easy to use, low-cost and fast

characterization technique to this purpose. Over the last decades, electrochemistry

45



3. Metal-Metal Hybrids

has been already employed to study alloyed systems'**’

and, more recently, also to
discriminate between alloyed or core-shell ones® ™. On the contrary, as previously
mentioned, it has not been applied to follow the formation of the systems in time
yet. In this context, the aim of this part of the Thesis work rose. At first, CVs on
alloyed and core-shell AuPt nanoparticles are conducted on stabilized systems to
understand their final structure; then, the attention is driven on the understanding
their evolution in time, recording CVs of the samples at different fixed times from
the reactants addition. The possibility to analyse the systems directly in their colloidal
liquid form without supporting them (for example on carbon nanofibers or other

solid materials), is another novel aspect of the work. TEM analyses and UV-Vis

spectra are performed as supporting and complementary information tools.
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Materials and Methods

Monometallic systems synthesis

o AulNDPs by chemical reduction in agueons solution

0.031 mmol of solid NaAuCly -2H,O (Aldrich, Milan, Italy, 99.99 % purity) and
polyvinylalcohol solution (PVA, MW(PVA) = 13,000 - 23,000, 87% - 89%
hydrolysed, Aldrich; 1% w/w; Au/PVA 1:1, w/w) were added to 100 mL of H,O.
After 3 minutes, NaBH, (Fluka, Milan, Italy, >96%; Au/NaBH4 1/4 mol/mol)
solution was added to the previous solution under vigorous magnetic stirring. A ruby

red Au(0) sol was immediately formed.

o PiINPs by chemical reduction in aqueous solution

0.021 mmol of K,PtCly (Aldrich, Milan, Italy, 99.99 % purity) and polyvinylalcohol
solution (PVA, MW(PVA) = 13,000 - 23,000, 87% - 89% hydrolysed, Aldrich; 1%
w/w; Pt/PVA 1:1, w/w) were added to 100 mL of H,O. After 3 minutes, NaBH4
(Fluka, Milan, Italy, >96%; Pt/NaBH4 1/8 mol/mol) solution was added to the
previous solution (yellow-brown coloured) under vigorous magnetic stirring. A black

Pt(0) sol was immediately formed.

Bimetallic Systems Synthesis

AuPt nanoparticles (Au:Pt 6:4 molar ratio) were prepared by sol immobilization
technique using PVA as protecting agent and NaBH, as reducer. The synthetic

procedures are here described in more details:

o (AutPt) NPs by co-reduction

0.031 mol of solid NaAuCls * 2H,O, 0.021 mol of K,PtCly and PVA solution (1%
w/w, metal/PVA 1:1 w/w) were added to 100 mL of H2O. The yellow solution was
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stirred for few minutes, after which NaBH, (metal/NaBH4 = 1/8 mol/mol) solution

was added under vigorous magnetic stirring.

o  (Au@Pt) NPs by two-step-reduction

KPtCly (Pt: 0.021 mmol) was dissolved in 40 mIL of HO and PVA solution (1%
w/w) (Pt/PVA= 1:1, wt/wt) was added. The yellow solution was stitred for few
minutes, after which NaBH, (Pt/NaBHs= 1:8 mol/mol) is added under vigorous
magnetic stirring. NaAuCly* 2H,O (Au: 0.031 mmol) was dissolved in 60 mL of H.O
and PVA solution (1% w/w) (Au:PVA= 1:1, wt/wt) was added, under stirring. The
solution was then added to the Pt colloidal solution previously prepared and
additional NaBH,; (Au:NaBH,= 1:4 mol/mol) was added under vigorous magnetic

stirring.

o (PH@.An) NPs by two-step-reduction

NaAuCls* 2H,O (Au: 0.031 mmol) was dissolved in 60 mL of H>O and PVA solution
(1% w/w) (Au/PVA= 1:1, wt/wt) was then added. The yellow solution was stirred
for few minutes, after which NaBH4 (Au/NaBH,= 1:4 mol/mol) was added under
vigorous magnetic stirring. K,PtCly (Pt: 0.021 mmol) will be dissolved in 40 mL of
H,O and PVA solution (1% w/w) (PtPVA= 1:1, wt/wt) will be added, under
stirring. The solution was then added to the Au colloidal solution previously prepared
and additional NaBH,; (PtNaBH,= 1:8 mol/mol) was added under vigorous

magnetic stirring.

The colloidal solutions have been kept under stirring for 24h. Sampling has been

performed at 5 min, 2h, 4h and 24h from the time relative to the reactants’ addition.

Morphological Characterization: TEM analyses

PttAu, Pt@Au and Au@Pt samples were characterized also by Transmission

Electron Microscopy (TEM). In particular, detailed High Resolution High Angle
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Annular Dark Field Scanning TEM (HAADF-STEM) imaging and energy-dispersive
X-ray spectroscopy (XEDS) analyses were carried out using FEI Titan 80-300 cubed
microscope operated at 200 kV accelerating voltage for a deeper investigation of the
AuPt structure. This microscope is equipped with double aberration correctors,
providing ultrahigh-resolution HAADF-scanning TEM (STEM) images, and an
Oxford Inca energy dispersive X-ray (EDX) spectrometer equipped with a 30 mm?®
ultrathin window Si/Li X-ray detector. XEDS data were collected either as spectrum
images, in which a focused electron probe was scanned across a region of interest
during data collection, or in stationary spot mode, where an emitted X-ray spectrum
from 0-20 keV energy range is acquired from a specific point on a particle using a
probe size less than 0.5 nm. Spectra were acquired with a probe current of
approximately 0.1 nA and dwell times between 200 and 400 ms per pixel, in the case
of maps, and 20-30 seconds per analysis in spot mode. STEM HAADF images were
acquired using FEI’s TTA software and Oxford’s INCA microanalysis software was
used for XEDS acquisition and analysis. The atomic fractions of gold and platinum
were quantified by the Cliff-Lorimer method on relative intensities of the Pt-La and

Au-La peaks using k-factors provided by the XEDS system manufacturer.

Morphological Characterization: UV-Vis analyses

UV-Vis spectra of the monometallic (Au, Pt) and bimetallic (Au+Pt, Au@Pt and
Pt@Au) nanoparticles were recorded using a UV-Vis spectrophotometer
(Shimadzu). The colloidal solutions were diluted at a ratio 1:3 in milli-QQ water and

absorbance in the wavelength range 200 — 800 nm was registered.

Electrochemical Characterizations

Electrochemical measurements were performed using an Autolab PGStat30
(EcoChemie, Utrecht, The Netherlands) equipped with the NOVA 2.1 Software.
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Cyclic Voltammetry (CV) were recorded in a conventional three electrodes cell with
a Saturated Calomel Electrode (SCE) and a Platinum wire used as Reference (RE)
and Counter (CE) electrodes, respectively. The working electrode (WE) was a glassy
carbon one modified with the different nanoparticles’ solutions, after being polished
with a Struers DP-Nap cloth and synthetic diamond powder (Sigma Aldrich, 1 pm)
and finally rinsed with milli-QQ water. The modified electrode was prepared by drop
casting 20 pL of the sought metal nanoparticles’ colloid using an automatic
micropipette (Kartell, Noviglio, Milano, Italy) and letting it dry for one hour. The
CVs were recorded in an aqueous solution with 0.1 M H.SOy4 as supporting
electrolyte. The potential was scanned between -0.25 V and +1.5 V (SCE) at a scan
rate of 100 mV s™. In order to follow the evolution in time of the systems in the
liquid form, the solutions were drop-casted on the electrode at different synthetic
times (just after the start of the synthetic procedure and at two hours intervals) and

then, once dried, analysed electrochemically.
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Results and Discussion
Morphological Characterization: TEM Analyses

Transmission Electron Microscopy characterizations were conducted onto the
bimetallic systems, after their complete stabilization, in order to understand the real
final structure of the samples. High-Angle Annular Dark Field (HAADF) images
showed AuPt nanoparticles with a mean diameter in the range of 3-4 nm. Energy
Dispersive X-Ray Spectroscopy (XEDS) analyses from individual particles
confirmed that most of the supported nanoparticles were bimetallic AuPt in nature,
for all the three systems. In the case of Pt+Au and Au@Pt, XEDS maps of individual
particles showed the coexistence of Pt and Au elements within the nanoparticle,
suggesting the formation of random gold-platinum alloy structures (Figure 3.1.1
(a)). In contrast, the analysis performed on Pt@Au suggested the formation of an
AuPt alloy core with an enrichment of Pt on the surface (Figure 3.1.1 (b)). EDX
analysis confirmed that Au and Pt coexist with a ratio similar to the nominal one

(6:4) (Figure 3.1.2).

Line scan

Gold, Platinum

Figure 3.1.1: (a) HAADF images of Au+Pt nanoparticles, on the left, and representative XEDS
maps of individual patticle on the right. (b) HAADF images of Pt@Au nanoparticles, on the left, and
representative XEDS maps of individual particle on the right.
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Element | Weight% Atomic%
PtL 34.07 34.28
Aul 65.93 65.72

Totals

100.00

Figure 3.1.2: 'Rep;esentaﬁve EDX spectrum of AuPt p;rticles.

Electrochemical Characterization

o Linal Structures of (Pt+Aun), (PKQAn) and (Au@Pt) Systems

Following different synthetic procedures (see Paragraph “Materials and Methods”
for more details), three different bimetallic structures were expected to be obtained,
in particular an alloy (Pt+Au) and two core-shell (Au@Pt and Pt@Au) (Figure 3.1.3
(a)). At first, these colloidal samples were analysed by cyclic voltammetry and
compared among themselves and with the CV of their relative monometallic
components (Au and Pt nanoparticles alone), after their complete stabilization, ze.
after more than 24 hours from the synthesis (Figure 3.1.3 (b)). These experiments
allowed to do a preliminary screening of the final structures of the three bimetallic
systems. In this context, it is important to find a way to understand the real structure
of a bimetallic gold-based sample, because the thermodynamic tendency of gold to
migrate to the surface of the systems® makes the control of the desired composition
a challenge. Observing the voltammograms of (Pt+Au), (Au@Pt) and (Pt@Au)
nanoparticles (Figure 3.1.3 (b)), a broad oxidation plateau in the anodic region can
be seen. This signal, approximatively between +0.9 and +1.3 V (SCE), comprises the
oxidation of both platinum and gold nanoparticles. In the cathodic region, two
different reduction peaks for the bimetallic systems can be clearly distinguished.

These peaks refer to the disruption of gold (at around +0.8 V (SCE)) and platinum
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oxide (ataround + 0.3 V (SCE)), respectively. The positions of these reduction peaks
are compared among the bimetallic and monometallic samples and listed in Table
3.1.1. Tt is clear that (Pt+Au) and (Au@Pt) systems behave almost in the same way,
having positions of the reduction peaks cathodically shifted with respect to the ones
of the monometallic Au and Pt counterparts. This evidence yields to the conclusion
that the materials behave like an alloy, with properties slightly different from the
correspondent metal components ». The cathodic shifts of the reduction peaks in
these bimetallic systems suggest a stabilization of both oxides in the composite,
which are then harder to be reduced. This stabilization might be due to the intimate
contact between the components, which results in a general enrichment of electrons

in the oxide forms. In particular, Pt in these systems is more stabilised (AE (Ptrep)
= 100 mV) with respect to Au (AE (Aurep) = 30-50 mV), suggesting an electron
donation from Au to P, as already evidenced in the Literature®". In the (Pt@Au)
case, the reduction peak of gold is fixed, while the platinum one shows a slight shift
(AE (Ptrep) = 40 mV). In this system the two metals appear less connected

suggesting a possible and partial segregation of the materials.

a) Pt + Au
Au and Pt '

_—

coreduction O
o O
Au

Pt
reduction reduction

O N -
AU Pt -4.2 T T T T T T T T T
02 00 02 04 06 08 10 12 14

reduction reduction
Evs SCE/V

J1(mA cm™)

Figure 3.1.3: (a) A schematic representation of the expected morphology of the samples. (b) CV of
the three bimetallic systems (Pt+Au, Au@Pt and Pt@Au) and the relative monometallic Au and Pt
components, recorded at 100 mV s in 0.1 M H2SO,.
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Table 3.1.1: Reduction potential values of the bimetallic and monometallic systems. AE =

Emonnmemllic - Ebimetallio

Electrode E (Aurep) / | AE (Augep) / | E (Ptrep)/ | AE (Ptrep) /
Vv \ Vv Vv

Au 0.82 0.00 - -

Pt - - 0.33 0.00
(Pt+Au) 0.79 0.03 0.23 0.10
(Au@Pr) 0.77 0.05 0.23 0.10
(Pt@Au) 0.82 0.00 0.29 0.04

o Evolution in time of the PKA.Au System

Since among the three bimetallic systems, Pt@Au showed more structural
differences (evidenced from cyclic voltammetry experiments and confirmed by TEM
analyses), this sample was studied following its evolution in time after reactants
addition. The colloid was studied by CV as freshly-prepared (identified hereafter as
“_5min”) and after 2, 4 and 24 hours from the reactants addition (identified hereafter
as “_2h”, “_4h” and “_24h”). In order to make the necessary comparisons, the only
Au and Pt nanoparticles systems were parallelly studied. It is important to underline
that the indicated time is related to the moment in which the solution was deposited

on the glassy carbon electrode; one additional hour was required to let the material
dry.

Observing the behaviour of the only AuNPs (Figure 3.1.4 (a)), it can be claimed
that the nanoparticles are in this case immediately formed and stable in time. In fact,
they present oxidation and reduction peaks overlapping for all the solutions and no
changes during time are visible. In contrast, PtNPs shows cyclic voltammograms
which evolve in time (Figure 3.1.4 (b)): density current values for both oxidation
and reduction peaks grow, evidencing a material that requires more time with respect
to AulNPs to be formed and stabilized. Moreover, after 24 hours, it is reasonable to
say that the colloid has not reached the final conformation, as evidenced by the slight
shift of the reduction peak potential with respect to the one relative to the solution

stabilized for more time (see Figure 3.1.5 (a)). In addition, in the region between 0
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and -0.25 V (SCE), the typical peaks associated to hydrogen absorption and
desorption processes on Pt electrodes are not so clear and defined, confirming that

the material is still not like a pure Platinum bare system.

24 N 3.6
Auiimm (a) ] ——Pt_Smin (b)
204 Au_2h 3.0 4 ——Pt 2h
—— Au_4h E Pt 4h
L6 ——hAu2am 244 ——pt 24n
g
)
<
E
=
1 1 1 ° 1 T T Y T T T T LI T T
0.2 00 02 04 06 08 10 12 14 02 00 02 04 06 08 1.0 12 1.4
EvsSCE/V Evs SCE/V

Figure 3.1.4: CV of the monometallic Au (a) and Pt (b) colloids, at different time from reactants
addition, recorded at 100 mV s in 0.1 M H,SOs.

36 36
—— Pt@Au_5min .
3.0 3.0{—— Pt@Au_2h b) 5 min C)
—— Pt@Au_4h
241 241—— Pt@Au_24h
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1.2 1.2
§ § 2h
< 06 < 06
E E
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1.2 1.2 AU
RED .
1.8 1.8 Ptreo 4h : A
02 00 02 04 06 08 10 12 14 02 00 02 04 06 08 10 12 14
Evs SCE/V Evs SCE/V

Figure 3.1.5: Evolution in time of the monometallic Pt system (a). The line “Ptrrp” refers to the
reduction potential of the PtNPs colloidal solution once completely stable in time, as shown in Figure
3.1.3. (b) Cyclic voltammetry showing the evolution in time of the bimetallic Pt@Au system, with
the Aurgp and Ptrep lines referring to the ones of Figure 3.1.3. (c) Schematic representation of
Pt@Au formation.
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The bimetallic Pt@Au system is compared internally at the four different times
(Figure 3.1.5 (b)) and at every single time with the relative monometallic
counterparts (Figures 3.1.6 (a)-(d)). Just after the reactants addition, the bimetallic
system presents reduction peaks relative to gold and platinum, respectively, with

comparable intensities in terms of current density (Figure 3.1.5 (b) and 3.1.6 (a)).

Bearing in mind that cyclic voltammetry is a surface-sensitive technique, able to
detect electrochemical properties of surface atoms rather that bulk atoms *, the
presence of both gold and platinum reduction peaks suggests that the core-shell
structure is not formed yet (Figure 3.1.5 (c), 5 min). However, a bimetallic structure
has to be considered, as shown by the absence of the plasmonic band relative to gold
and platinum in the UV-Vis spectra (Figure 3.1.7 (a)). After two hours (Figure 3.1.5
(b) and 3.1.6 (b)), the absence of the gold reduction peak and the decreased density
current value of the oxidation plateau suggest the effective formation of the core-
shell, in which the internal core made of gold is masked by the external shell of
platinum (Figure 3.1.5 (c), 2h)”. After 4h (Figure 3.1.5 (b) and 3.1.6 (c)), the
reduction peak relative to gold reappears slightly cathodically shifted, evidencing the
tendency of the core-shell to turn into an alloy with the concomitant migration of

gold to the surface (Figure 3.1.5 (c), 4h). This behaviour is confirmed also after 24
hours (Figure 3.1.5 (b) and 3.1.6 (d)).

In conclusion, in this system, segregation of the two metals never happens: gold is
inside the structure or partially alloyed, as evidenced also by the absence in every case
of the plasmonic band in the Pt@Au Uv-Vis spectra (Figure 3.1.7). Another
interesting feature of the Pt@Au system is the position of the platinum reduction
peak, which remains fixed in time due to the stabilizing effect of gold, as previously

discussed for the final bimetallic structures (Figure 3.1.3 (b)).
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Figure 3.1.6: Evolution in time of the bimetallic systems Pt@Au with respect to its monometallic
components (Au and Pt) at different times from the synthesis: deposited on the glassy carbon
electrode as freshly prepared (a), after 2h (b), 4h (c) and 24h (d). Cyclic voltammetry are recorded

in H,SO4 0.1 M at 100 mV s-1.
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Figure 3.1.7: UV-Vis spectra of the Pt@Au bimetallic systems in colloidal solution compared with
the monometallic Au and Pt NPs components at 5min (a), 2h (b) and 24h (c) from the reactants

addition.
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Conclusions

In this part of the Thesis project, an electrochemical study of bimetallic systems
based on Au and Pt nanoparticles (Pt+Au, Au@Pt, Pt@Au) is presented. As
alternative or as complementary technique to the commonly used TEM and EXAFS
characterization techniques, Cyclic Voltammetry has been used as an easy to use, low
cost and fast methodology in order to discriminate between alloyed or core-shell
systems, either perfect or defective. Moreover, and above all, electrochemistry
revealed to be a suitable tool to evaluate the time evolution of the NPs systems. This
aspect represents an easy and novel way to control the morphology of an investigated

system and it eventually gives the possibility to fix the structure at the desired point.

The results show that, even if two different synthetic procedures have been followed,
Pt+Au and Au@Pt behaves almost in the same way and patticulatly they act like an
alloy. These alloys differ from the monometallic components, as evidenced by the
different peak potential positions, and the cathodic shift of the reduction peaks
reveals a stabilization of both metal oxides, addressed to the intimate contact
between Pt and Au. On the other hand, Pt@Au behaves differently and resembles
more a core-shell system, particularly at the beginning of its preparation, but it tends
to an alloyed system with an enrichment of platinum at the surface. The results
obtained by CV, in accordance with those obtained by TEM and UV-Vis techniques,
can help the researchers to understand the behaviour of bimetallic systems with the

final aim of applications in catalysis, electrocatalysis and electroanalysis.
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3.2 Gold and Palladium Bimetallic Systems

Focus

In this part of the Thesis Project, bimetallic systems based on gold and palladium,
supported on different carbonaceous substrates, were deeply investigated in terms of
electrochemical stability and electrocatalytic activities. The effect played by the support
on the final properties of the metals was studied and differences between the

monometallic and bimetallic hybrid materials were highlighted.

As already mentioned in the Introduction of Chapter 3, the interesting features of
bimetallic systems, related to their enhanced performances with respect to the
correspondent bulk materials, made them extremely attractive to many scientists.' The
wide amount and variety of bimetallic samples, in terms of composition, structure, metal
loading and morphology, has led to widespread applications in a lot of fields such as
engineering, catalysis, electrocatalysis, sensors, electronics and so on.* In the particular
fields of heterogeneous catalysis and electrocatalysis, metal nanoparticles are often
supported on different kind of substrates, which themselves possess different
characteristics and properties connected to the type and loading of the metal catalysts
and/or to the nature and functionalization of the substrate itself.”"* However, the effect
played by the support onto the properties of the metal loaded or the investigation of
possible synergistic effects in bimetallic composites is still to be clarified and studied in
depth. This part of the Thesis work aimed at fulfil this vacancy. In more details, three
different types of carbon nanofibers (Pyrolitically Stripped carbon nanofibers (PS),
Low-temperature Heat Treated (LHT) carbon nanofibers and High-temperature Heat
Treated (HHT) carbon nanofibers) have been used as support for Au, Pd and bimetallic
AuPd nanoparticles. The supports differ in terms of graphitization degree and surface
chemistry. The focus of the work was to clarify how changes in the graphitization degree
and in the amount of defects on the surface of the carbonaceous substrates reflect in
different electrochemical activity and properties of the metal nanoparticles. Moreover,

the presence of synergistic effects in the bimetallic with respect to the monometallic
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systems was investigated, confirming the general trends already evidenced in several
works in the literature."*"® Final application in the electroanalytical detection of
cinnamyl alcohol and cinnamaldehyde was investigated, with the particular aim to
highlight any enhancement in the addition of gold to palladium-based materials and so

the increased performances of hybrids with respect to single components.
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Materials and Methods

Detailed information at:
Testolin, A. Cattaneo, S., Wang, W., Wang, D., Pifferi, V., Prati, L., Falciola, L., Villa, A., “Cyclic

Voltammetry Characterization of Au, Pd and AuPd Nanoparticles Supported on Different Carbon
Nanofibers”, Surfaces (2019), 2, 205-215, doi:10.3390/sutfaces2010016

Metal Nanoparticles/CNFs Preparation

Commercial carbon nanofibers (CNFs), PR24-PS (hereafter shortened as PS) from
Applied Sciences, inc. (average diameter of 100 £ 30 nm and a specific surface area of
45 m®/g); CNFs PR24-LHT (LHT) from Applied Sciences, inc. (average diameter of
100 + 30 nm and a specific surface area of 43 m*/g); and CNFs PR24-HHT (HHT)
from Applied Sciences, inc. (average diameter of 100 £ 30 nm and a specific surface
area of 41 m®/g) were used as pristine carbon materials. NaAuCly - 2H>O (99%, Aldrich,
St. Louis, MO, USA) and Na,PdCly (98 % Aldrich) were used as metal precursors, while
NaBHs (> 98%, Ventron) and polyvinyl alcohol (PVA, MW = 9000-10,000, 80 %

hydrolyzed, Aldrich) were used as reducing and protective agents, respectively.

o CNF-AuNPs

0.051 mol of solid NaAuCls *2H,O and PVA solution (1% w/w, metal/PVA 1:1 w/w)
were added to 100 mL of Milli-Q H>O. The solution was stirred for few minutes, after
which NaBH, (metal/NaBH, = 1/4 mol/mol) solution was added under vigorous
magnetic stirring. Within a few minutes of sol generation, the sol was immobilized by
adding the support (ca. 1 g) under vigorous stirring. The slurry was filtered, and the
catalyst washed thoroughly with distilled water and dried at 80 °C for 4 h. The total

nominal metal loading was 1 wt %.
e CNF-PdNPs

0.094 mol of Na;PdCly and PVA solution (1% w/w, metal/PVA 1:1 w/w) were added
to 100 mL of Milli-Q H,O. The solution was stirred for few minutes, after which NaBH4
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(metal/NaBH, = 1/8 mol/mol) solution was added under vigorous magnetic stirring.
Within a few minutes of sol generation, the sol was immobilized by adding the support
(ca. 1 g) under vigorous stirring. The slurry was filtered, and the catalyst washed
thoroughly with distilled water and dried at 80 °C for 4 h. The total nominal metal

loading was 1 wt %.

o CNF-AuPdNPs

0.037 mol of solid NaAuCly *2H,O, 0.025 mol of Na,PdCls and PVA solution (1%
w/w, metal/PVA 1:1 w/w) were added to 100 mL of Milli-Q H:O. The yellow solution
was stirred for few minutes, after which NaBH4 (metal/NaBHs = 1/8 mol/mol)
solution was added under vigorous magnetic stirring. Within a few minutes of sol
generation, the sol was immobilized by adding the support (ca. 1 g) under vigorous
stirring. The slurry was filtered, and the catalyst washed thoroughly with distilled water

and dried at 80 °C for 4 h. The total nominal metal loading was 1 wt %.

Morphological Characterizations

e Raman spectroscopy was performed with a Renishaw inVia Raman microscope
for analysing the graphitisation degree of the carbon nanofibers. Bare supports
and fresh and used catalysts were analysed. Typically, a sample of approximately
0.01 g was placed on a metal slide inside the spectrometer. The powder was
analysed under an IR class laser (514 nm) with a laser intensity of 50 %. The
sample was scanned at an attenuation time of 22 seconds, and 10 scans were
carried out to give a spectrum.

e X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific
K-alpha+ spectrometer (Thermo Fisher Scientific, Massachussetts, USA).
Samples were analysed using a monochromatic Al x-ray source operating at 72
W (6 mA X 12 kV), with the signal averaged over an oval-shaped area of

approximately 600 X 400 microns. Data were recorded at pass energies of 150
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eV for survey scans and 40 eV for high resolution scan with a 1eV and 0.1 eV
step size, respectively. Charge neutralization of the sample was achieved using a
combination of both low energy electrons and argon ions (less than 1 V), which
gave a C(1s) binding energy of 284.8 eV.

All data were analysed using CasaXPS (v2.3.17 PR1.1, company, city, country)
using Scofield sensitivity factors and an energy exponent of —0.6.

The Au, Pd specimens were characterized by transmission electron microscopy
(TEM, FEI Titan 80—300, Thermo Fisher Scientific, Massachussetts, USA). The
samples were directly dispersed on copper grids covered with holey carbon film.
Morphology of the catalysts was characterized by high angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM), and its
composition information was acquired by EDAX S-UTW EDX detector in a
FEI Titan 80—300 microscope operating (Thermo Fisher Scientific,
Massachussetts, USA) at 300 kV. Analysis of STEM-EDX spectrum imaging
was carried out by using TEM image and analysis (TIA 4.7 SP3 version)
software. Particle size of the specimens was measured on HAADF-STEM
images by using the Image] software (National Institutes of Health, USA) fitting

the particles with ellipsoid shapes.

Electrochemical Characterizations

Cyclo-voltammetric experiments were performed using an AutolLab PGStat128

(Metrohm AutolLab, Utrecht, The Netherlands) equipped with the NOVA 2.1 Software

(Metrohm AutolLab, Utrecht, The Netherlands). The experimental setting was

composed of a conventional three electrodes cell in which a saturated calomel electrode

and a platinum wire were used as reference (RE) and counter (CE) electrodes,

respectively. A glassy carbon (GC) modified with carbon nanofibers (CNFs) or with

mono or bimetallic Au and Pd NPs supported on carbon nanofibers was used as

working electrode (WE). Before the modification, GC was polished with diamond

67



3. Metal-Metal Hybrids

powder (1 um, Sigma Aldrich, Milan, Italy) on a Struers DP-Nap cloth and washed with
milli-Q water. 5 mg of the different CNF-NPs powders were suspended in 1 mIL EtOH
(96 %, Sigma Aldrich) and 4.5 pL. Nafion (5% solution in low aliphatic alcohols, Aldrich,
Milan, Italy). Then, 20 uL of the suspension were deposited on GC using an automatic
micropipette (Kartell, Noviglio, Milano, Italy) and allowed to dry for approximately 30
minutes. Cyclo-voltammetries were recorded in aqueous solution with 0.1 M H,SO4as
supporting electrolyte. The potential was scanned from —1 V (SCE) to +2 V (SCE), at

a scan rate of 100 mV s ' and a step potential of 5 mV.

Electroanalytical Applications

All the above-described samples (bare carbon nanofibers and nanofibers modified with
gold and palladium nanoparticles), were applied as a preliminar proof of concept in the
detection of cinnamyl alcohol and cinnamaldehyde. The electrochemical experimental
setup is the same as the one previously explained in the “Electrochemical
Characterization” paragraph. 3 mM of Cinnamyl Alcohol and Aldehyde (Sigma Aldrich,
> 99%) were added in an aqueous solution with 0.1 M H,SO; as supporting electrolyte.
Cyclic voltammetry was recorded scanning the potential in the range -1 V (SCE) to +2
V (SCE), at a scan rate of 100 mV s™ and a step potential of 5 mV. These expetiments
were repeated both in aerated and deareated, by bubbling N, in the environment,

solution.
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Results and Discussion

Detailed information at:

Testolin, A. Cattaneo, S., Wang, W., Wang, D., Pifferi, V., Prati, L., Falciola, L., Villa, A., “Cyclic
Voltammetry Characterization of Au, Pd and AuPd Nanoparticles Supported on Different
Carbon Nanofibers”, Surfaces 2019, 2, 205-215, doi:10.3390/surfaces2010016

Morphological Characterizations

Commercial carbon nanofibers (CNFs), thermally processed at different severity
degrees (PS < LHT < HHT)"*, were selected as supports. The strength of the thermal
process reflects in different graphitization degrees of the supports, which were
investigated via Raman spectroscopy. In more details, the ratio of the integral intensities
of D and G bands (In/1c), which is an index of the defectiveness of the graphite layers,”
was measured and results are listed in Table 3.2.1. G band is related to structurally-
ordered graphite domains, whereas D band can be associated with the turbostratic
and/or disordered carbonaceous structures™. As expected, increasing the temperature
of the heat treatment results in a higher graphitization degree (In/Ic = 0.75, 0.60, 0.11
for PS, LHT, HHT, respectively) (Table 3.2.1). In order to confirm the effective
graphitization degrees of the three samples, X-ray photoelectron spectroscopy (XPS)
has been used as a supporting characterization technique. XPS spectra of Cls show two
main components: the first one at 284 eV, which can be attributed to sp>hybridised
carbon species, and the second component at 285 €V ascribable to the presence of sp’-
hybridised carbon species” (Figure 3.2.1 and Tables 3.2.1 and 3.2.2). It can be noticed
that the sp”/sp’ ratio increases with increasing annealing temperature (in more details:
4.1,7.0 and 16.8 for PS, LHT, HHT, respectively) (Table 3.2.1). Accordingly, a higher
amount of oxygen has been observed decreasing the graphitization degree (C:O ratio of
88.3:11.7,92.2:7.8, 97.3:2.7 for PS, LHT, HHT, respectively) (Table 3.2.2). Table 3.2.2
summarizes the oxygen species observed on the surface, their concentration, and the
overall elemental composition. Fitting the O1ls peak, five contributions were observed
(Figure 3.2.2). Binding Energy (BE) of 530.2-530.5 eV corresponds to highly
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conjugated forms of carbonyl oxygen such as quinone®. The second contribution

(531.6-531.9 €V) can be assigned to a carbon—oxygen double bond, whereas the one at

533.0-533.5 eV corresponds to an ether-like single bond C-O-C and to carbon oxygen

single-bonds in hydroxyl groups C-O-H”. Oxygen species at 534.6-535.0 eV refers to

the presence of carboxylic groups COOH?>. The last signal at 536.7-537.1 €V can be

assigned to adsorbed water®. C=0, C-O-H and C-O-C wetre the most abundant species

present in all the CNFs (Table 2 and Figure 2).

Table 3.2.1: Atomic content of sp? and sp® carbon and ratio sp?/sp® from X-ray photoelectron
spectroscopy (XPS) and Ip/Ig ratio from Raman for the bare supports.

Intensity (a.u.)

Catalyst C sp? (%) C sp? (%) sp?/sp? In/Ic
PS 75.8 18.6 4.1 0.75
LHT 83.8 12.0 7.0 0.60
HHT 90.8 3.4 16.8 0.11

HO COOH C-0-C C-O0-H C=0

Intensity (a.u.)

T T T
296 294 292 294

- ===
288 286

Binding Energy (a.u.)

Figure 3.2.1: Cls XPS spectra of (a) PS, (b)
LHT and (c) HHT

T T T T T T
542 540 538 536 534 532 530 528 526

Binding Energy (a.u.)

Figure 3.2.2: O1s XPS spectra of (a) PS, (b)
LHT and (c) HHT

Figure 3.2.3: The element maps obtained from STEM-EDX spectrum imaging in the area marked

box of AuPd nanoparticles.
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Table 3.2.2. XPS analysis of the carbon nanofibers (CNFs).

Sample O1s Cls Atomic
Cc=0 C-O-H C-0-C COOH H,O sp? sp? Cc=0 Cc=C ratio %
C:.0

PS BE 530.2 531.8 533.0 534.6 536.7 284.4 284.9 287.2 290.0 88.3:11.7
Atom % (10.2) (40.7) (33.1) 9.8) (6.0) (75.8) (18.6) (3.7) (1.8)

LHT BE 530.5 531.6 533.1 535.0 537.1 284.5 284.9 287.4 290.1 92.2:7.8
Atom % (11.6) (34.2) (40.3) (8.8) (5.1) (83.8) (12.0) (2.6) (1.6)

HHT BE 530.2 531.9 533.5 535.0 537.0 284.7 285.2 287.9 290.6 97.3:2.7
Atom % (13.9) (46.2) (24.0) (10.1) (5.8) (90.8) (5.4) (1.6) 2.2)

Monometallic Au and Pd, together with their corresponding bimetallic system (AuPd), were prepared by sol immobilization method
using polyvinyl alcohol (PVA) as protective agent and NaBH4 as reducing agent and immobilized on the three different CNFs. The
monometallic and bimetallic systems consist of nanopatticles with an average size of 3—4 nm.”*® To investigate the morphology of
the bimetallic systems, STEM-EDX spectrum imaging was performed on single nanoparticles to map the interior metal compositions.
Element maps of one AuPd particle are reported in Figure 3.2.3, as example. Both Pd and Au signals were found in nanoparticles
with a similar distribution, indicating the formation of AuPd alloyed nanoparticles. Quantification of the integrated EDX spectra of

this nanoparticle indicates that the atomic ratio of Au and Pd is 64/36 close to the nominal 60/40 (Figure 3.2.3).
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Electrochemical Characterizations

As already demonstrated by XPS results, the three types of carbon nanofibers differ
from the ratio between the sp® and sp’ conformation of carbon atoms. This ratio can
be named as “graphitization” degree, which is an index of the order degree in carbon
based materials'™*", It was observed that these differences reflect in different
voltammetric behaviors, especially in the potential window width (that is the useful
voltage range, between the anodic and cathodic reaction of the solvent/supporting

electrolyte) and in electrocatalytic effects.

Regarding the potential window width, Figure 3.2.4 (a) shows that the order is PS
< LHT < HHT (more cleatly visible by looking at the zoom of the Figure itself,
Figure 3.2.4 (b)), both in the cathodic and anodic side. This means that HHT fibers
are the most electrochemically stable material and the most inert towards Oxygen
Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER) in the anodic
and cathodic side, respectively. In fact, since the electrochemical experiments were

conducted in an aqueous solution, OER and HER represent the background

reactions.
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Figure 3.2.4: Cyclic Voltammetry recorded at 100 mv s in 0.1 M H2SOj of the three different carbon
nanofibers supports. (b)Zoom of the region around +0.4 V (SCE).
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Moreover, looking again at the zoomed graph in Figure 3.2.4(b), the presence of
small oxidation and reduction peaks in the region around +0.4 V (SCE) can be seen
in the case of PS fibers, less marked in LHT and basically absent in HHT. Bearing in
mind the surface morphology of the selected samples, already explained in the
previous “Morphological Characterization” section, these signals have been

addressed to the presence of oxygen functionalities of the carbonaceous structure,

which are in higher concentration for PS, then followed by LHT and HHT. This
aspect is in accordance with the graphitization degree, in fact, the lower the
graphitization degree the higher the presence of surface impurities and defects™. The
presence of these functionalities could also be reflected in the different potential

window width.

The peculiarities of these carbon nanofibers drove the attention on a different and
additional investigation. In fact, PS, LHT and HHT fibers were involved as support
for metal nanoparticles, in particular, Au, Pd and alloyed AuPd NPs. The supported
nanoparticles were used as electrode materials and the possible effect played by the
carbonaceous support, with the instauration of synergistic effect were investigated.
At first, the supported monometallic Au and Pd nanoparticles were studied, looking
at their background patterns, ze. cyclic voltammetry recorded in an aqueous solution
with 0.1 HoSOy as supporting electrolyte. As it can be seen in Figure 3.2.5(a),
representing supported Au nanoparticles, the smallest potential window width is
again the one relative to PS carbon nanofibers, followed by LHT and HHT.
Moreover, additional oxidation and reduction peaks relative to the presence of gold
nanoparticles are present, as visible by looking at the zoomed cyclovoltammetries in
Figure 3.2.5(b). In particular, apart from the same peaks of the bare nanofibers at
+0.4 V (SCE), a well-defined signal (for LHT and HHT) at around +1.3 V (SCE) is
evident, whose peak-shape confirms the nanosized structure of the gold particles™.
This signal is less evident in the case of PS (it is more in a shape of a shoulder plateau)
since it is partially covered by the reaction of the background. Looking at the
oxidation peak position, a small catalytic effect for HHT can be highlighted, since
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the position of the oxidation peak is shifted at +1.25 V (SCE) with respect to +1.31
V (SCE) of the LHT-supported sample. This effect could be related to the higher
interaction of the HHT fibers and gold nanoparticles, thanks to the high
graphitization degree of the material, which reflects in a favored electron transfer. A
more interesting explanation could be done by looking at the main-oxide reduction
signals, which are comprised in the region +0.5/+0.8 V (SCE). If they are compated
to the reduction signal of analogous AuNPs without any support (see Figure 3.2.8),
a strong shift in position can be highlighted”. In the case of non-supported gold
nanoparticles, the reduction peak is registered at around +0.8 V (SCE) while in these
supported systems the gold oxide reduction falls at lower potential and in the order
PS < LHT < HHT. The shift at lower potential means that the oxide is more stable
since it requires a higher energy to be disrupted. As a consequence, this evidence can
be reasonably ascribed to a different stabilizing effect played by the different carbon
nanofiber supports that can be further and conveniently exploited in sensing and

catalytic applications.
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Figure 3.2.5: Cyclic Voltammetry recorded at 100 mv s in 0.1 M H2SOy4 of the three different carbon
nanofibers supports modified with gold nanoparticles, with a zoom in (b).
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In the case of Pd supported nanoparticles, the situation was more difficult to be
clarified, maybe because of the intrinsic nature of the metal itself, which is more
adaptable than the noble metal gold and so more susceptible of changes in its
structure when it is in the presence of other materials like the support. Looking at
the Figure 3.2.6(a), a small oxidation peak around +1 V (SCE) is present, which is
in line with the values of analogous colloidal (non-supported) PANPs (Figure 3.2.8).
In the case of the LHT- supported sample, more intense signal at +1.73 V (SCE)
and +1.89 V (SCE) are present, probably due to the concomitant Pd oxidation

together with O, evolution (background reaction).
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Figure 3.2.6: Cyclic Voltammetry recorded at 100 mv s in 0.1 M H>SOy4 of the three different carbon
nanofibers supports modified with palladium nanoparticles, with a zoom in (b).

More interesting than the single monometallic supported nanoparticles, the CV
patterns of the bimetallic AuPd alloyed nanoparticles supported on the three
nanofibers are shown in Figure 3.2.7(a) and zoomed in Figure 3.2.7(b). Similarly
to the other cases, the broad oxidation signal ascribable to the background reaction
is predominant in the case of PS nanofibers, covering the peaks relative to the metal
nanoparticles. In the case of LHT, two oxidation peaks at about +1.25 V (SCE) and
+1.74 V (SCE) can be observed, related to the Pd and Au oxide formation,
respectively. Both are shifted to higher anodic potentials with respect to the
monometallic counterparts, in colloidal form (Figure 3.2.8).

75



3. Metal-Metal Hybrids

80

——LHT_AuPd ——LHT AuPd
604 ——HHT_AuPd (a) 84 ——HHT AuPd (b)
——PS_AuPd ——PS_AuPd
40 1
o~ 201
=
[¥]
< 9
g
—~-20
=
-40
60
-80
T T T T T T T T -10 T T - T T T - T - T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -1.0 0.5 0.0 0.5 1.0 1.5 2.0
Evs SCE/V Evs SCE/V

Figure 3.2.7: Cyclic Voltammetry recorded at 100 mv s in 0.1 M H2SOj4 of the three different carbon
nanofibers supports modified with alloyed AuPd nanoparticles, with a zoom in (b).
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Figure 3.2.8: CV in 0.1 M H,SOj of colloidal
Au, Pd and alloyed AuPd nanoparticles.

This evidence could be justified by
the presence of a stabilizing effect
that the two metals exhibit when they
are alloyed, as already known in the
Literature”. Regarding the cathodic
scan, only a single reduction signal at
-0.29 V (SCE) is present, probably
related to the reduction of the alloyed
AuPd oxide. This reaction occurs at
more cathodically shifted potential
with respect to its monometallic

references, being a confirmation of

the high stability of the oxide, probably ascribable to the synergistic effect of the co-

presence of the two metals and the contribution played by the carbonaceous support.

This strong and unexpected potential shift of the main oxide-reduction peak (usually,

on bare Pd, in this region it is more likely to have proton absorption), has been

observed in other homogeneous noble metals alloys® and in other bimetallic Pd-

based catalysts supported on carbon nanofibers.”” Regarding HHT system, a small
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oxidation peak around +1.2 'V (SCE) is present, as evident by looking at the zoom
of Figure 3.2.7(b), which could be related to the formation of the palladium oxide.
No signal related to the oxidation of gold can be seen, since it seems that AuNPs
oxidation process occurs at higher potential with respect to +2 V (SCE) (the limit of
the useful potential window), where the background reaction, OER, takes place.
Moreover, the reduction peak in this case is not evident because it is probably too
cathodically shifted to be seen, since it could be covered by the HER reaction of the
background. These evidences are once more the confirmation of the greater

stabilizing effect of HHT on the alloyed nanoparticles.

Electroanalytical Applications

Bare and modified carbon nanofibers were used for the preliminary detection of
cinnamyl alcohol and cinnamaldehyde, in order to highlight any differences in the
carbonaceous support and in the presence of monometallic or bimetallic
nanoparticles. Differences in selectivity and catalytic activity were expected to be
found, especially in the bimetallic-modified nanofibers, as already evidenced from
the literature in the general filed of catalysis.”**" Figure 3.2.9(a) and (b) report the
cyclic voltammetries of the three bare carbon nanofibers (LHT, HHT and PS) in the
presence of 3 mM of cinnamaldehyde (Figure 3.2.9(a), on the left) and alcohol
(Figure 3.2.9(b), on the right), respectively.

At a first glance, what it can be claimed is that also the bare nanofibers are able to
detect the presence of these analytes in solutions. This fact is extremely interesting,
since it opens the venue to a huge and interesting field of catalysis and
electrocatalysis, based on metal-free materials. Moreover, differences in the behavior
of the three carbonaceous supports both on the detection of alcohol and aldehyde
can be found. In order to clarify better what is happening, each single support is

analyzed comparing the answer toward the alcohol and aldehyde (Figure 3.2.10 (a),

(b) and (c)).
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Figure 3.2.9: Cyclic Voltammetry of HHT, LHT and PS carbon nanofibers recorded at 100 mV s-!
in a 0.1 M H>SO4 solution in the presence of 3 mM cinnamaldehyde (a), on the left, and cinnamyl

alcohol (b), on the right.
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Figure 3.2.10: Cyclic Voltammetry of PS (a), LHT (b) and HHT (c) carbon nanofibers recorded at
100 mV s in a 0.1 M H>SOy solution in the presence of 3 mM cinnamaldehyde or cinnamyl alcohol.

The clearest behavior (focusing for the moment on the anodic oxidation region)

seems to happen for LHT nanofiber. In this case, when alcohol is added to the

solution, the presence of two signal is highlighted, a first one at +1.30 V (SCE) and
a second one at +1.70 V (SCE) (Table 3.2.3). The second signal is the same, both

in the peak shape and position, when aldehyde is added to the solution. This aspect

let us suppose that, in the case of the alcohol oxidation, the first step regards the

formation of the aldehyde (Figure 3.2.11 (b)), that is then oxidized again, probably

to the carboxylic acid (Figure 3.2.11 (c)). This is happening also in the case of PS,
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even if, unfortunately, in the case of the alcohol oxidation the signals are not so clear
because of a high capacitive current of the background (Table 3.2.3). By the way,
regarding the oxidation of the aldehyde, the same peak shape and position observed
for LHT is present, meaning that the same product is reasonably created. In this case,
thanks to the presence of more defect sites, that are mainly oxygen-rich groups (see
Table 3.2.2), the formation of the carboxylic acid (that requires, in fact, the addition
of an oxygen in the chemical structure) is probably favored (Figure 3.2.11). HHT,
on the contrary, seems to behave in a different manner. From Figure 3.2.9 (a) it is
evident that the oxidative path, especially for the aldehyde, is different from the one
observed for the other carbon nanofibers. A shoulder, instead of a clear peak, is
present at about +1.85 V (SCE) (Table 3.2.3). In addition, Figure 3.2.10 (c) shows
that the signal observed for the oxidation of aldehyde is different from the second
one relative to the oxidation of alcohol, meaning that also the oxidative path followed
by cinnamyl alcohol could be different from the one stated for PS and LHT. In more
details, when alcohol is added to the solution, a first strong signal at +1.30 V (SCE)
is present but then there are no other signal for a further oxidation, or maybe the
relative reaction is covered by the one of the background above +2 V (SCE) (Table

3.2.3). Being HHT the most graphitized carbon nanofiber, it is reasonable to think

about T—T stacking interaction between the graphitic plane of the support and the
planar aldehyde or alcohol. In more details, a hydrogenation path, which leads to the
breaking of the C=C double bond, is more likely to happen with this particular
support. Moreover, less defect, and consequently less oxygen groups, are present on
HHT. In conclusion, from the oxidation of cinnamyl aldehyde it is difficult to think
about the formation of the relative carboxylic acid. In fact, the breaking of the C=C
bond with the formation of the 3-phenyl propanal (Figure 3.2.11 (e)) is the supposed
reaction path (Figure 3.2.11). In parallel, in the presence of cinnamyl alcohol, the
reaction could lead to the formation of 3-phenyl propanol (Figure 3.2.11 (d)) instead
of the cinnamyl aldehyde. For sure the products are concomitantly formed, but

maybe in different ratio that the one observed for LHT and PS. The formation of
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this alcohol could be the reason why the second peak is practically absent, or it is
different from the one of LHT and PS, since it is impossible to create via
electrochemical oxidation the carboxylic acid starting from this structure. Electrolysis

experiments are now under study in order to confirm all these hypothesis.

Table 3.2.3: Voltage relative to the oxidation of cinnamyl alcohol and aldehyde with the three
different carbon nanofiber supports.

E, (cinnamyl alcohol) / V | E,. (cinnamyl aldehyde) / V
PS +1.29 +1.72 +1.74
LHT +1.30 +1.70 +1.73
HHT +1.30 / +1.85
(@) (b) i © B
™
O/\/\OH - A \ OH
(d) ) i

Figure 3.2.11: Schematic representation of the probable reaction path for the oxidation of cinnamyl
alcohol (a) and aldehyde (b) on the three different carbon nanofibers to 3-phenylpropanol (d), 3-
phenylpropanale (e) and cinnamic acid (c).

Regarding the modified carbon nanofibers with monometallic Au, Pd and bimetallic
alloy AuPd, their behavior towards cinnamyl alcohol is reported in Figure 3.2.12.
An aspect that is important to bear in mind, at this point of the dissertation, is that
from the synthesis of the Pd-based catalysts, a high amount of hydrides on the
surface of the metal are present. This aspect could reflect in a different reactivity of

the Pd-modified materials, favoring the hydrogenation path instead of the oxidation
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of the C-O ligand. Effectively, this can be observed if looking at the oxidative part
of the voltammograms relative to LHT and HHT Pd-modified carbon nanofibers
(Figure 3.2.12 (e) and (f)). In fact, in these cases the oxidative paths seem to be the
same observed for the bare HHT nanofiber (Figure 3.2.9): the formation of the
cinnamyl aldehyde (concomitantly with the hydrogenation to 3-phenyl propanol)
than that could not produce the carboxylic acid but maybe creates the 3-phenyl
propanal (Figure 3.2.11 (e)). Interestingly, Au- and AuPd-modified LHT and HHT
carbon nanofibers show a different voltammetric shape and so they follow a different

oxidative path.
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Figure 3.2.12: Cyclic Voltammetry of LHT (a), with relative zoom of the oxidation part in (d), HHT
(b), with zoom in (e), and PS (c), with zoom in (f), carbon nanofibers modified with Au, Pd and
AuPd nanopatrticles in the presence of 3 mM cinnamyl alcohol.

In this case, it seems that it is the metal gold that governs the total activity of the

material and leads to the formation of the cinnamyl aldehyde (Figure 3.2.11 (b)) and

81



3. Metal-Metal Hybrids

than the carboxylic acid (Figure 3.2.11 (c)). In the case of the alloy, the selectivity
of Palladium is so drastically changed and it is basically governed by the presence of

gold.

In general, with LHT and HHT carbon nanofibers it seems that the electrochemical
activity is based onto the one of the metals. On the contrary, in the case of PS
modified carbon nanofibers, the peculiarity observed in the case of LHT-Pd and
HHT-Pd modified electrodes are lost and the system behaves in the same way for all
the three different materials. In this case, probably the defective structure of the
carbonaceous support is dominant onto the electrochemical activity of the material
and it governs the overall reaction, quenching the Pd peculiar activity. So, the
oxidative pathway is the same one observed for the bare PS with alcohol: oxidation

to cinnamyl aldehyde and than formation of the carboxylic acid (Figure 3.2.11).

Conclusions

Au, Pd and bimetallic AuPd alloy nanoparticle samples (3-4 nm diameter) have been
studied after being supported on three types of carbon nanofibers (PS, LHT and
HHT) characterized by a different degree of graphitization (HHT>LHT>PS). First
of all, it was proved that the carbon materials are electrochemically more stable and
inert in the HHT>LHT>PS order. The subsequent supporting of the metal NPs
yields to a different behavior when compared with the non-supported systems.
Anodic and cathodic shift in the oxidation and reduction potential positions, related
to the formation and disruption of the main oxide is highlighted, in particular in the
case of more graphitized HHT support. This effect can be explained considering a
strong interaction between the metal systems and the carbon supports, which
provides devices characterized by the presence of the metal catalyst, with an
unexpected large potential window, which could be exploited for its peculiar activity

in catalysis, electrocatalysis and sensing applications.
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Preliminary results on the detection of cinnamyl alcohol and aldehyde showed at first
that it is possible to open the venue to an interesting field of catalysis, based on zetal-
free materials. Different oxidative pathways could be supposed by changing the
graphitization degree and the amount of defects of the carbonaceous support.
Regarding the nanoparticle-modified systems, instead, it can be claimed that the
electrochemical response seems to be governed by the carbonaceous support in the
case of the more defective and less graphitic PS, while it is governed by the metal
activity in the case of the more graphitic and less defective ones (LHT and HHT).
Moreover, the answer of monometallic-supported-nanoparticles changes, in
particular for Pd, when this metal is in the presence of another catalyst, in this case
gold. This evidence is a strong support to the expected enhancement behavior of
hybrids when compared with the relative counterparts. Further studies will be
conducted in order to clarify better the mechanism under investigation, also
comparing the catalytic performances with the electrocatalytic ones. In general, it
seems that in the case of Palladium-based catalysts the reaction path is slightly
different with respect to the gold one. Particularly interesting is, in this contest, the
fact that the selectivity of Palladium could be changed by adding gold in its structure.
Electrolysis at selected potentials in the presence of cinnamyl alcohol and aldehyde
could be conducted, followed by chromatographic analysis on the electrolytic
solution in order to understand the nature of the products and the specificity of the
bimetallic 26 monometallic supported nanoparticles. It is important to keep in mind,
in fact, that the possibility to tune the selectivity of a catalyst is extremely powerful.
Regarding the oxidation of cinnamyl alcohol, in particular, it is interesting to stop the
reaction to the production of the cinnamyl aldehyde, which is reported to be an
important intermediate in organic transformations and has wide applications in the
food and perfume industries*. Considering the obtained results, it is possible to claim
that electrochemistry could serve as a powerful tool to stop the reaction at the desired
product, simply by selecting the right catalysts (bare or metal-modifed) and by

conducting the reaction at the suitable potential.
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3.3 Gold and Silver Bimetallic Systems

Focus

In this part of the PhD Thesis, bimetallic systems based on gold and silver are deeply
investigated, both from a physico-chemical point of view and from an
electrochemical one. Finally, their possible application in the electrochemical
detection of organic halides, with the concomitant highlight of synergistic

electrocatalytic effects are taken into consideration.

The interest in Au-Ag based materials arise from the same motivations listed for the
other gold-based systems, mentioned in Paragraph 3.1 and 3.2, namely AuPt and
AuPd nanoparticles. Briefly, the general consideration of gold being an inactive
catalyst has been overcome, thanks to the pioneering works done by Haruta. '~ In
these studies it was remarked that the catalytic activity of gold is strictly dependent
on the size of the gold particles,”" on the preparation method '™ and on the nature
of the support.'>'*"" In addition, a part from the use of single gold catalysts, it was
found and demonstrated that the combination of gold with another metal, different
and even less noble than Au, reflects in enhanced performances of the system in
general. This aspect is the reason of the studies conducted on bimetallic systems

paying attention to their size, shape, composition and nature of the support.

In this case, three kind of bimetallic AuAg samples, in alloy or core-shell form, are
supported onto carbon nanofibers and deeply analysed by physico-chemical and
electrochemical techniques. The initial interest is in the discrimination between the
three different compositions (alloy Au+Ag and core shells Au@Ag or Ag@Au), also
looking at their modification after aging periods. Electrochemical considerations are
compared with Transmission Electron Microscopy (TEM) results and Extended X-
Ray Absorption Fine Structure (EXAFS) analyses. The possibility to draw the same
conclusion from the three techniques represent a strong demonstration on how
Cyclic Voltammetry could represent a valid alternative, cost-effective, simple and

easy to use technique to the other normally involved in the study of the morphology
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of a bimetallic system. For sure, electrochemistry cannot be considered as the unique
source of information, but it represents the perfect tool to be involved for a
preliminary screening of the sample, without the need of more sophisticated, time

consuming and expensive techniques.

The three above-mentioned systems are finally applied in electroanalytical
experiments, particularly in the reduction of organic halides in aprotic solvents. The
interest is here focused on the revealing of any synergistic effect present in case of
the bimetallic samples (Au+Ag, Ag@Au and Au@Ag), reflecting in electrocatalysis
with respect to the single monometallic counterparts (Au and Ag supported
nanoparticles). Any difference among the three bimetallics is also investigated, trying
to discriminate between the alloyed or core shell morphologies by looking at the

shape, position and number of signals relative to the reduction of the target analyte.

90



3. Metal-Metal Hybrids

Materials and Methods
Metal Nanoparticles — HHT CNFs Preparation

Commercial carbon nanofibers (CNFs), PR24-HHT (here after shortened as HHT)
from Applied Sciences, inc. (average diameter of 100 £ 30 nm and a specific surface
area of 41 m®/g) were the pristine carbonaceous materials used as support for
metallic nanoparticles. NaAuCly-2H,O (99%, Aldrich, St. Louis, MO, USA) and
AgNO; (99%, Aldrich) were used as metal precursors, while NaBHy (> 98%,
Ventron) and polyvinyl alcohol (PVA, MW = 9000-10,000, 80 % hydrolyzed,

Aldrich) were used as reducing and protective agents, respectively.

o Synthesis of Au/ HHT, Ag/ HHT and AuAg/ CNFs

Monometallic Au and Ag and bimetallic random alloy AuAg catalysts were prepared
with a sol-immobilisation technique. In a typical synthesis of Au.Ag,/CNFs catalyst,
the appropriated amount of metal precursor (HAuCls and AgNO3) was dissolved in
deionised water (Au + Ag concentration 5 x 10* mol L"). The stabilising agent,
polyvinyl alcohol (PVA, PVA:metal 0.5 wt/wt), was then added and the solution was
vigorously stirred. A fresh 0.1 mol L aqueous solution of NaBH, was then prepared
and the required amount of reducing agent (NaBHsmetal 4 mol/mol) was rapidly
added to the metal precursor solution; a change in colour indicated the successful
synthesis of metal nanoparticles. The colloid was left to stir for either 5 min, 2h or
24 h. After the desired ageing time, an aliquot of colloid was withdrawn and rapidly
added to a beaker containing 0.5 g of support suspended in 50 mL of deionised
water. The amount of colloid was calculated in order to get a final metal loading of
2 wt%. After the addition, the suspension was acidified with 2 drops of concentrated
H>SO4in order to decrease the pH to ca. 2. The catalyst was left to stir for 15 minutes,
then it was filtered, washed thoroughly with 1 L. of deionised water and dried in oven

for 4 h at 80 °C.
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o Synthesis of Au@.Ag/ CNFs and Ag@.Au/ CNFs

Bimetallic core-shell Au@Ag and Ag@Au catalysts were prepared with a sol-
immobilisation technique. In a typical synthesis, the appropriated amount of metal
precursor (HAuCls and AgNO3) of the core metal was dissolved in deionised water
(in order to have a final Au + Ag concentration of 5 x 10 mol L™). The stabilising
agent, polyvinyl alcohol (PVA, PVA:core metal 0.5 wt/wt), was then added and the
solution was vigorously stirred. A fresh 0.1 mol L." aqueous solution of NaBH, was
then prepared and the required amount of reducing agent (NaBH4ycore metal 4
mol/mol) was rapidly added to the metal precursor solution; a change in colour
indicated the successful synthesis of metal nanoparticles. A new fresh solution of the
shell metal precursor was then prepared in deionised water (in order to have a final
Au + Ag concentration of 5 x 10* mol L") and PVA was added (PVA:shell metal 0.5
wt/wt). This solution was then rapidly added to the colloid previously prepated.
NaBH, was finally added (NaBHu:shell metal 4 mol/mol) and the final colloid was
left to stir for either 5 min, 2h or 24 h. After the desired ageing time, an aliquot of
colloid was withdrawn and rapidly added to a beaker containing 0.5 g of support
suspended in 50 mL of deionised water. The amount of colloid was calculated in
order to get a final metal loading of 2 wt%. After the addition, the suspension was
acidified with 2 drops of concentrated H.SO, in order to decrease the pH to ca. 2.
The catalyst was left to stir for 15 minutes, then it was filtered, washed thoroughly

with 1 L of deionised water and dried in oven for 4 h at 80 °C.

The three different bimetallic samples were analysed at different “aging” time,
meaning that the carbonaceous support was added after 5 min of the nanoparticles
reactants’ addition, after 2 hours and after 24 hours. These samples, filtered and dried
in the oven, were collected and used for the physico-chemical and electrochemical

characterizations.
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Electrochemical Characterizations

Cyclic voltammetric experiments were performed using an AutoLab PGStat30
(Metrohm Autolab, Utrecht, The Netherlands) equipped with the NOVA 2.1
Software (Metrohm AutoLab, Utrecht, The Netherlands). The experimental setting
was composed of a conventional three electrodes cell in which a saturated calomel
electrode and a platinum wire were used as reference (RE) and counter (CE)
electrodes, respectively. A glassy carbon (GC) modified with the different carbon
nanofiber-supported nanoparticles was used as working electrode (WE). Before the
modification, GC was polished with diamond powder (1 pm, Sigma Aldrich, Milan,
Italy) on a Struers DP-Nap cloth and rinsed in milli-Q water. 5 mg of the different
CNF-NPs powders were suspended in 1 mL EtOH (96 %, Sigma Aldrich) and 4.5
uL Nafion (5% solution in low aliphatic alcohols, Aldrich, Milan, Italy). Then, 20 uL.
of the suspension were deposited on GC using an automatic micropipette (Kartell,
Noviglio, Milano, Italy) and allowed to dry for approximately 30 minutes. Cyclic
voltammetries were recorded in aqueous solution with 0.1 M H,SO, as supporting
electrolyte. The potential was scanned from —0.3 V (SCE) to +1.5 V (SCE), at a scan

rate of 100 mV s and a step potential of 5 mV.

Electrochemical Impedance Spectroscopy analyses were conducted on the same
above-mentioned set-up (three-electrode cell with SCE, Pt wire and modified Glassy
Carbon as RE, CE and WE, respectively) and using an aqueous solution with 0.1 M
H>SO4 as supporting electrolyte. The experiments were conducted using an AutoLab
PGStat30, equipped with a FRA (Frequency Response Analyzer) Apparatus
(Metrohm AutoLab, Utrecht, The Netherlands). EIS spectra were recorded at
different fixed values of potential (E), frequency was varied between 0.1 Hz and

65000 Hz, with an amplitude of 10 mV.
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Electroanalytical Applications

All the “5 min” samples were used in the electrochemical reduction of organic halides
(Acetobromo-a-D-glucose, = 95 % TLC, Sigma Aldrich, and Benzyl bromide,
reagent grade 98 %, Sigma Aldrich) using an Autolab PGStat128 (Metrohm
AutoLab, Uthrecht, The Netherlands) equipped with the NOVA 2.1 Software. The
same cell configuration already described in the previous sub-Paragraph was used as
experimental set up. Acetonitrile (ACN, = 99.9 %, Sigma Aldrich) was selected as
solvent with 0.1 M tetrabutylammonium perchlorate (TBAP, = 99%, Fluka) as
supporting electrolyte. Cyclic Voltammetries were performed scanning the potential
between -0.5 V (SCE) and -2 V (SCE), at a scan rate of 100 mV s™, in a deaerated
environment: N> was bubbled in the solution for 5 min before starting the analysis

and the experiments were conducted in a closed cell under N atmosphere.

TEM Analysis

Electron micrographs were obtained using a ZEISS LIBRA200FE microscope
equipped with a 200 kV FEG source. Energy-dispersive X-ray spectra (EDS —
Oxford INCA Energy TEM 200) and elemental maps were collected along with
HAADF-STEM (high angular annular dark field scanning transmission electron
microscopy) images. Before the analysis, the samples were finely smashed in an agate
mortar, suspended in isopropanol and sonicated. Each suspension was then dropped
onto a holey carbon-coated copper grid (300 mesh) and the solvent was evaporated.
Histograms of the particle size distribution were obtained by counting onto the
micrographs at least 300 particles. The mean particle diameter () was calculated by
using the formula dn=>d m / Y n whete n is the number of particle of diameter 4.

The standard deviation was calculated by using the formula Sa = [ % (d - dw)’ / m]".
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EXAFS (XAFS and XANES Analyses)

X-Ray Absorption Fine Structure (XAFS) measurements were taken at the BMO08
LISA CRG beamline'” of the European Synchrotron Radiation Facility (ESRF) at
Grenoble (France). All catalysts (Au, Ag, Au@Ag, Ag@Au, Aut+Ag) and reference
samples (Au and Ag foils, Ag,O and AgCl) were measured in transmission mode,
but the catalysts were measured also in fluorescence mode, using at the Au I; edge
a large-area Si photodiode (thickness 300 um)" and at the Ag K edge a 13-element
high purity Ge solid state detector. All spectra were measured at liquid nitrogen
temperature (LNT) to reduce the thermal effects that are surely very important for

20

these XAFS measurements, specially at the Au L;™. The absorption coefficient was

calculated as p(E) =In(Iy/1) in transmission mode and as y(E) =Ir/Iyin fluorescence
mode where I, I are the intensities of the incoming and of the transmitted X-ray
beams, measured by two ionization chambers, while Ir represents the fluorescence
intensity. For energy calibration, using a third ionization chamber the reference Au
and Ag foils were measured together with the samples in transmission mode. The
reference samples were also used to determine the Sy* values®'. The catalytic samples
were prepared pressing into pellets their fine powders with no need of supporting
agents like boron nitride or cellulose and the powder amounts were chosen to
achieve appropriate edge jumps™. In the data analysis both the near edge region (X-
Ray Absorption Near Edge Structure, XANES) and the Extended X-ray Absorption
Fine Structure (EXAFS) were taken into account. EXAFS data, usually indicated
as y(k), where £ is the photoelectron wave vector”, were extracted using the
ATHENA program™ and the least-square parameter fitting was performed using the
ARTEMIS program® both implemented in the IFEFFIT package®. The fitting
procedure was used to determine the coordination numbers (), the interatomic
distances (R) and Debye-Waller factors (6°) of the coordination shells around the
absorbing Au and Ag atoms. In the fitting procedure of the reference samples and

of many catalysts at the Au L; edge, single and multiple-scattering contributions
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calculated by the FEFF6 software package®, were used. At the Ag K edge, only single
scattering contributions were included for the bimetallic catalysts. In all cases an
estimation of the accuracy of the obtained structural parameters, compatible with

data quality and range®” used, was achieved.
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Results and Discussion

In the following paragraph, the analysis of the catalysts by means of the three
different characterization techniques (CV, EXAFS and TEM) were at first kept
separated. Efforts in the understanding the bimetallic structures compared to the
relative monometallics were made, and only after the independent evaluation of the
systems, a general comparison of the results were done. Particular attention was paid
on the electrochemical characterizations, since the main goal of this work is to justify
how electrochemistry could be an alternative, easy to use and low cost tool to know

the structure of a hybrid system.

Electrochemical Characterizations — Evolution in time

As previously mentioned, the three bimetallic systems were analysed at different time
from their synthesis in order to see if some modifications of the structure is occurring
during their formation. 5 minutes, 2 hours and 24 hours were chosen as standard
time to be compared internally. The selected samples were analysed by cyclic
voltammetry, performing five cycles for each sample, scanning the potential at first
in the anodic way and coming back with the cathodic scan. The cycles were not
continuous: after one cycle the system was let a couple of seconds in quiescent
environment and then another cycle, with the same parameters of the previous one,
was performed. In Figure 3.3.1(a) the first cycle of the system Ag@Au, (which is
supposed to be a core-shell with an external layer of silver, as the synthetic procedure
asserts) at the three different times is reported. The same is done for the inverted
core-shell system Au@Ag, in Figure 3.3.1(b) and for the alloy Aut+Ag in Figure
3.3.1(c).

At a first glance, not so many differences can be highlighted between the different
times. It seems that the shape of the oxidation and reduction peaks is basically the

same for the systems at 5min, 2h and 24h. These considerations are valid for all the
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three bimetallics. The differences in the density current values can be ascribed to the
quantity of material deposited onto the glassy carbon support. In fact, the suspension
of the powder in EtOH is not always homogeneous. Current values, in fact, are
normalised for the geometric area of the glassy carbon (0.071 cm?), even if the active
surface area is related to the quantity of the carbonaceous material effectively

deposited, which is at the moment hard to be quantified.
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Figure 3.3.1: Cyclic Voltammetry in 0.1 M H>SOy4 recorded at 100 mV s! for the three bimetallic
systems Ag@Au(a), Au@Ag(b) and Aut+Ag(c) at three different times from the reactants’ addition.

Since the systems behave in the same way at the three different times, a different
comparison is done, by looking only the “5 min” systems and comparing the three
bimetallics at this time from their synthesis. In the next Paragraph a deeper

investigation is done.

Electrochemical Characterization — 5 min systems

Ag@Au, Au@Ag and AutAg bimetallics are compared at their first voltammetric

cycle and results are shown in Figure 3.3.2.

Considering that cyclic voltammetry is a surface-sensitive technique, the signals
related to the first cycle can be reasonably ascribed to the external structure of the
systems. What can be easily seen from the voltammograms in Figure 3.3.2 is that

the Ag@Au system is the one with the most marked signals in the region between 0
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V (SCE) and +0.4 V (SCE), which corresponds to the oxidation and reduction region
of silver. This aspect is a supporting evidence to the fact that the bimetallic system
is composed by an external shell made of silver. The presence of the oxidation peak
typically ascribed to gold, at around +1.3 V (SCE), is probably due to the fact that

the silver-based shell is not perfectly intact or it is too thin to hide the internal core

made of gold.28
T Regarding the Au@Ag structure, it
4'5__ / seems that no signals in the oxidation
A\

3.0 . . .
region of silver are present, meaning

that the metal is masked by the

external shell, but a broad oxidation

J/(mA cm‘z)

signal in the region in between the

oxidation of gold and silver is present,
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454 —— Au@Ae Smi
Au@Ag_Smin at about +0.8 V (SCE). The related
1 AutAg Smin
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EvsSCE/V to the signal at about +0.3 V (SCE),

Figure 3.3.2: First CV of the three different ) )
bimetallic systems at “5min” from the reactants which is absent on the case of the

addidion. Ag@Au system. These additional
signals could be ascribed to a mixed phase of Au and Ag, reasonably in the external
shell. Then, the typical oxidation and reduction peak of gold are present. It could
happen that the oxidation and reduction of gold lead to a stripping of the external
layer, which reveals the internal core made of silver, evident from the presence of a
reduction peak at around +0.1 V (SCE). The supposed alloy Aut+Ag, instead, has a
behaviour which is intermediate between the one of the two core-shell systems. It
seems that effectively this material is an alloy, with signals ascribable to gold and
silver, a little bit shifted and in some case splitted with respect to the ones of the
monometallic counterparts (see for more details the next sub-paragraph “Axz+.4g

systems”).
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At this point, in order to better clarify the structure of the bimetallics, a deeper
investigation of the three systems at 5 min from the reactants addition is conducted,
by cycling each sample for 5 times and observing how the voltammetric profiles are

changing upon cycling.

o Ag@Au system

Figure 3.3.3(a), with details in (b) and (c), reports the voltammograms relative to

the core-shell Ag@Au system.
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Figure 3.3.3: Cyclic Voltammetry in 0.1 M H2SOy4 recorded at 100 mV s of the bimetallic system
Ag@Au(a), with details of the oxidation patt relative to silver (b) and gold(c).

What is clearly visible from these graphs is that the system is drastically modified
when cycling the potential. The first cycle, that should be representative of the
external layer, shows a first oxidation peak, at about + 0.2 V (SCE), relative to the
oxidation of silver, which is followed by another less intense peak at around +0.4 V

(SCE), always related to a Ag specie.”” At around +1.3 V (SCE) the oxidation of
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gold occurs, followed by the reduction at +0.8 V. Reduction of silver seems to occur
again in two steps, or two different species of silver are reduced, since a small peak
at +0.30 V is present, followed by a more intense one at +0.07 V (SCE). This fact is
in accordance to what happens in the related oxidation range, where a first intense

peak is followed by a smaller one.

Table 3.3.1 reports in detail the values of the peak positions. An interesting feature
is that, when cycling, the first oxidation signal of silver is reducing in current intensity
values and concomitantly the second one, at higher potential, is growing. It seems
like there is a more external layer of Ag, and a second type of silver more internal,
which is cycle by cycle more exposed to oxidation and reduction processes. The same
happens in the case of gold, since after the first cycle the oxidation peak slightly shifts
to lower potential and seems to be splitted in two. This aspect could be ascribable
again to the presence of the second metal, Ag, which is affecting the electronic

structure of Au.

Table 3.3.1: Oxidation potential values of the bimetallic Ag@Au catalyst compared with the ones of
the monometallic Ag and Au nanoparticles.

System EAgox)/V | E(Agox)/V | E(Auox) /V | E(Auox)/V
Ag@Au 1% cycle +0.22 +0.37 +1.18 +1.32
Ag 1%t cycle - + 0.46 - -
Au 1%t cycle - - - +1.28

In order to clarify this aspect, an in depth look at the positions of the signals in the
voltammograms is necessary. The first oxidation peak is related to the oxidation of
the first external layer of silver and is drastically different from the Ag monometallic,
in particular, it is energentically stabilized by the presence of gold in the structure. In
fact, since the oxidation of the bimetallic silver occurs at lower potentials, it means
that the process is energetically favoured. It could be present a sort of electron
transfer from gold to silver, which is, in this case, more charged in electrons and so

it requires less energy to be oxidised by an external power. The hypotesis about the
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donation, or the condivision, of electrons from gold to silver is supported also by
the observation of a delay in the oxidation potential of gold. In fact, this metal should
be less charged in electrons after the donation to silver and so it should require more
energy to be oxidised. Looking at the potential values of the bimetallic gold and the
monometallic one, in fact, a slight shift from + 1.32 V (SCE) to + 1.28 V (SCE) is
observed (see Table 3.3.1). When gold is oxidised and reduced, after a complete CV
cycle, it seems that the electronic structure is partially recovered. In fact, from the
second to the fifth cycle, silver is oxidised at higher potential, being less stabilised by
gold, and gold is oxidised at lower potential, donating less electrons and being more
stable than that in the first cycle. Figure 3.3.4 (a) and (b) reports the related

voltammograms (of the bimetallic compared to the monometallics).

4.0
a —— Ag@Au_5min b
8.04 ( ) ——Ag Smin 309 ( )
Au_5min

10.0 4

6.0
0.0

-2.0 4

j/(mA cm’™)

2

(=]

1
j/(mA cm‘z)
. =)

(=1

1

-2.04
4.0 !
] -3.0
-6.0 4
-4.04
8.0

T T T T T T T T T -5.0 T T T T T T T T T
0.2 00 02 04 06 08 10 12 14 02 00 02 04 06 08 1.0 12 14

EvsSCE/V EvsSCE/V

Figure 3.3.4: Cyclic Voltammetry in 0.1 M H2SOy4 recorded at 100 mV s of the Ag@Au bimetallic
system compared with monometallic Au and Ag nanoparticles(a), zoom in (b).

In order to better understand the aspect of condivision of electrons, and in general
to clarify the influence of one metal to the other, Linear Sweep Voltammetry (LSV)
on the whole range or half range of the potential scan were conducted. Figure 3.3.5
(a) reports the LSV on the whole oxidation range, while Figure 3.3.5 (b) shows the
graph obtained when the potential was scanned only between -0.3 V (SCE) and +0.5
V (SCE), in order to comprise only the region relative to the oxidation of silver. It
can be noticed how the trend is different from the one observed in the CVs. At the

first cycle, as expected, the shape of the curve is the same one of the CV, from the
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second to the fifth cycle, instead, there is not the growing of the second peak, but a
general drop in the intensity of the current of the first peak and almost the

disappearence of the second one.
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Figure 3.3.5: LSV in 0.1 M HSOj4 recorded at 100 mV s of the bimetallic system Ag@Au on the
whole oxidation potential range (a) and only in the first potential range (b).

This is more evident when the oxidation is done only in the shorter potential range
(Figure 3.3.5 (b)), when gold is not oxidised. What can be hypotised is that the first
signal, ascribable to the more external layer, is lowered especially when it is reduced

with a complete cycle, and consequently consumed/stripped. About the second peak
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Figure 3.3.6: First and fifth CV compared with ~ potential is not scanned until the
the first and fifth LSV of the Ag@Au system.

similar to the monometallic one. If the

oxidation and reduction of gold, the
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passage from one type of silver to the other is less marked, as it can be seen also in

Figure 3.3.6.

In conclusion, considering all these observations and considerations, the structure of

the bimetallic can be supposed as it follows:

- External shell made of Ag, not intact. It is reasonable to think about a “pure”
silver, with Ag-Ag bond, but for sure this species is electronically influenced
by gold, more internal in the structure;

- Internal core made of gold, which can be seen from the first cycle because
the external shell is not perfectly intact. Also this metal is affected by the
presence of silver;

- Mixed phase, in between the external shell and internal core, made of silver
and gold, in which the two metals are in intimate contact and connected one

to the other, presenting mixed behaviour.

Generally, it can be stated that, passing from the core to the shell, there is a

compositional gradient from pure Au to Au-Ag to pure Ag.

° Aﬂg@ﬁg Ssystent

Figure 3.3.7 (a), with details in (b) and (c), reports the voltammograms relative to

the core-shell Au@Ag system.

At a first glance, the system behaves in a different way with respect to the Ag@Au
previously explained. In this case, what is clearly visible in the first scan, is the
presence of a small signal relative to the oxidation of silver, at around +0.22'V (SCE),
similar but with lower intensity than the one previously attributed to the external
shell of silver, and the presence of a broad oxidation peak at around +0.8 V (SCE).
The zone relative to the oxidation of gold seems really similar to the other bimetallic

core-shell Ag@Au. From the second cycle, the broad oxidation peak disappears, and
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it another peak appears, at +0.39 V (SCE), which gradually loses its current intensity,
cycle by cycle. This last signal could be related to a silver specie more similar to the
monometallic one, which is found to be oxidised at +0.46 V (SCE), as previously
reported in Table 3.3.1.
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Figure 3.3.7: Cyclic Voltammetry in 0.1 M H>SO4 recorded at 100 mV s of the bimetallic system
Au@Ag(a), with details of the oxidation patt relative to silver (b) and gold(c).

In this case, the first cycle act as a properly stripping of the external layer. This layer
can reasonably be ascribed to a mixed AuAg phase, since the oxidation at +0.89 V is
in the middle between the oxidation of the relative monometallic counterparts (+0.46
V for silver and +1.28 V for gold). Values relative to the oxidation voltage of
monometallics and Au@Ag bimetallics are reported in Table 3.3.2 and the relative
voltammograms in Figure 3.3.8 (a) and (b). As already obsetrved for the Ag@Au,
also in Au@Ag case, the oxidation of Ag-related species appears at lower potential
with respect to the monometallic Ag, while the oxidation of the Au-related species

occurs at higher voltage. This fact is again a confirmation of a possible passage of
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electrons from gold to silver and a general sharing of electrons among the two metals

in the bimetallic structure.

Table 3.3.2: Oxidation potential values of the bimetallic Ag@Au catalyst compared with the ones
of the monometallic Ag and Au nanoparticles.
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Figure 3.3.8: Cyclic Voltammetry in 0.1 M H2SOy4 recorded at 100 mV s! of the Ag@Au bimetallic
system compared with monometallic Au and Ag nanoparticles(a), zoom in (b).

The presence of the signal at +0.39 V (SCE) (appearing more intense from the

second cycle) is again related to Ag-Ag species. It is possible to imagine a mixed shell

that, unlike the previous case, is less rich in silver. The strong signal of the mixed

phase is probably due to the fact that in this system the interaction between the two

metals is stronger, the interphase is probably more extended and it can be considered

as effectively bimetallic.

Also in this case, Linear Sweep Voltammetry on the whole range of potential (Figure

3.3.9 (a)) and on restricted one was conducted. It can be noticed how, by looking at
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the range which comprises the oxidation of silver, there is only a sharp peak at +0.22
V (SCE), which increases in current intensity with increasing the cycles (Figure 3.3.9
(b)). This behaviour is different from what is happening in the cyclic voltammetries.
In fact, no peak at +0.4 V are here present. It seems that, when gold is not involved
in the potential scan, it is not affecting the electrochemical behaviour of silver, which
is just oxidised and maybe cleaned and so it increases in the intensity current
response. As for the previous Ag@Au case, the position of the oxidation peak is
shifted to lower potential, meaning that this metal is influenced by the presence of
gold, being more stabilized. What is different from the previous case is the relative
quantity of the metal. In fact, considering the current intensities, for Au@Ag the
amount of silver is much less than in the case of Ag@Au. Looking at the range
comprising the oxidation of gold, it is evident the presence of the broad oxidation
peak at intermediate position (at about +0.8 V (SCE)) ascribable to the mixed phase,
and then it is present the typical signal relative to oxidation of gold (Figure 3.3.9
(c)). In this case the shape of the signal remains the same even cycling and it is not
splitted, as previously observed for the Ag@Au system, also when scanning the
potential in the whole range (Figure 3.3.9 (a)). It seems that, apart from the general
bimetallic system evidenced by the presence of intermediate signals, both Ag and Au
exist as “pure” species, with a higher amount of gold with respect to silver. It is gold
that governs the whole electrochemical behaviour of this bimetallic, as expected by

the fact that it is in the external layer.
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Figure 3.3.9: LSV in 0.1 M H,SOj4 recorded at 100 mV s! of the bimetallic system Au@Ag on the
whole oxidation potential range (a) and only in the first (b) and second (c) potential range.
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o AutAg system

Figure 3.3.10 (a), with details in (b) and (c), reports the voltammograms relative to

the bimetallic Au+Ag system.
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Figure 3.3.10: Cyclic Voltammetry in 0.1 M H>SO4 recorded at 100 mV s of the bimetallic system
Au+Ag (a), with details of the oxidation part relative to silver (b) and gold (c).

At a first glance, this system appears as an intermediate situation between the other
two (Ag@Au and Au@Ag). In fact, it seems that there is less silver, compared to the
Ag@Au core-shell and the signals are more than a single one, in the region +0.2 /
+0.5 V (SCE). This is reasonably ascribable to the presence of silver influenced by
gold. The oxidation of gold is present as in the other two systems, but this is the only
case in which the signal seems splitted in two already in the first cycle. Probably, in
this structure, gold is affecting silver, but also silver is affecting gold in the same way
and intensity, being a confirmation of the fact that this system act as an alloy, where

the metals are in an intimate contact and act differently from the correspondent
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monometallic counterparts. For more details, see the potential values in Table 3.3.3
and the related voltammograms in Figure 3.3.11 (a) and (b). As in the Au@Ag
system, a broad oxidation plateau at about +0.8 V is present, although of lower
intensity. This is probably due to the fact that the bimetallic is well distributed in the

whole structure and it is also more masked than the one of the previous system.

Table 3.3.3: Oxidation potential values of the bimetallic Au+Ag catalyst compared with the ones of
the monometallic Ag and Au nanoparticles.

System E(Agox) / V E (Agrep) / V E (Auox) / V E (Aurep) / V
AutAg | +027and + 0.45 | +031and + 0.10 | + 1.19 and + 1.30 +0.78

Au - - +1.28 +0.78

Ag +0.46 +0.29

Regarding the peak potential, one of the two is close to the one of the relative
monometallic, while the other is strongly shifted. It seems that there is a mixed phase
made of Auand Ag, and the concomitant presence of single phase of gold and silver,

maybe segregated metals, in the general alloyed phase.
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Figure 3.3.11: Cyclic Voltammetry in 0.1 M H2SOy4 recorded at 100 mV s of the Au+Ag bimetallic
system compated with monometallic Au and Ag nanoparticles(a), with a zoom in the silver oxidation
region (b).
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Also in this case, Linear Sweep Voltammetry was conducted onto the complete
oxidation scan and on the restricted ones (from -0.3 V to +0.5 V (SCE) and from
+0.5 V to +1.5V (SCE)). Figure 3.3.12 (a) and (b) report the complete range and
the first restricted one (e the potential comprising the region of silver oxidation),
since they are the only situation in which anomalous behaviour (different from the

one observed since now) are present.
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Figure 3.3.12: LSV in 0.1 M H2SO4 recorded at 100 mV s of the bimetallic system Au+Ag on the
whole oxidation potential range (a), with a zoom in the inset, and only in the first (b) potential range.

In this system, differently from Ag@Au and Au@Ag, after the first linear scan the
fusion of the oxidation peaks relative to silver is absent. On the contrary, the second
oxidation signal in the region of silver seems to split, scan by scan, with a general
drop in the intensity current values. On the contrary, if the LSV is conducted only in
the first scan, the peak fusion of the oxidation of silver is observed, with the current
intensity increasing. This fact means that if gold is not oxidised, the presence of silver
remains marked (Figure 3.3.12 (b)), while if gold is oxidised, the signals of silver are
drastically affected (Figure 3.3.12 (a), inset), attesting a strong relationship among

the two metals in this structure.
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Electrochemical Characterizations: Summary

Table 3.3.4: Current intensity values of the oxidation peak of silver and gold compared to the
reduction peak of gold for the three bimetallic catalysts.

Ag@Au
-i (Augep) = 2.20 10-%
E/V i/ A 1/ i(Augep)
Agox, +0.22 57210 0.26
Auox +1.32 1.57 1004 0.72
AgAuox - - -
Au@Ag
-7 (Augep) = 3.50 10-%
E/V i/ A 1/ i(Augep)
Agox,1 +0.23 3.08 100> 0.09
Auox +1.31 2.36 1004 0.67
AgAuox +0.89 7.36 1005 0.21
Au+Ag
i (Augep) = 3.68 104
E/V i/ A 1/ i(Augep)
Agox, +0.28 2.00 105 0.05
Auox +1.31 2.37 1004 0.64
AgAuox +0.85 1.48 1005 0.04

In general, it can be observed that in all the three bimetallics, the signal that seems
to be more constant both in position and in current intensity, is the reduction peak
of gold. For this reason, ratio between the oxidation peaks of silver and gold (single
or splitted ones) are calculated with respect to the one of the reduction peak of gold.
This ratio can be an indication of the relative quantities of the two metals in the
structure. It must be kept in mind that considering the first cycle of the CV, what it
is concerned is the external layer. Therefore, the information about the metal
quantities we are referring is related to the external layer. Results are listed in Table
3.3.4. In particular, the first signal encountered for the oxidation of silver (Agox, at

around +0.2 V (SCE)), the one of the oxidation of gold (Auox at around +1.3 V
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(SCE)) and the one attributed to the mixed phase (AgAuox at around +0.8 V (SCE))
are considered for the three different systems. From the values reported in Table
3.3.4, it is evident that the system in which the external amount of silver is the highest
one is the Ag@Au core shell (Agox;1/Augep ratio of 0.26 »s 0.09 for Au@Ag and
0.05 for Au+Ag), as expected from the synthesis, and as already evidenced from the
cyclic voltammetries. The amount of gold (looking at Auox/Augrep) seems not so
different for the three systems (0.72, 0.67 and 0.64 ratios): the slight increased value
for Ag@Au could be maybe related to the absence of any contribution of gold to
the “mixed” phase, whose signal is absent at the first cycle differently from the other
two systems. The amount of this mixed phase is more marked for Au@Ag with
respect to the AutAg (0.21 »s 0.04 ratio), as already evidenced from the cyclic

voltammetries.

Electroanalytical Applications — 5 min systems

The three bimetallic systems previously analysed in depth (5 min) were involved in
the detection of organic halides, with the aim to highlight any electrocatalytic effect
when compared with the monometallic counterparts. The presence of synergistic
effects between the two metals, clearly evidenced by the characterization in cyclic
voltammetry, is expected to play a key role when the materials are applied as active
electrodic systems towards a selected analyte. In this specific case, the reduction of
two organic halides (Acetobromo-a-D-glucose and Benzyl Bromide) was studied.
As already reported in the Literature, it is known that silver has a strong
electrocatalytic effect toward organic halide, when compared to other metals like Au,
Cu, Pb and other carbonaceous materials like Boron Doped Diamond (BDD) and
Glassy Carbon (GC)’". According to this fact, the idea of this part of the work is
to study the effect of the co-presence of two active metals and to see if their

interactions can be practically beneficial.
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In Figure 3.3.13 the response of the three bimetallic systems towards the reduction
of acetobromo-a-D-glucose is reported, compared with the relative monometallics
Ag and Au ones. It is evident that Ag reacts with the analyte at a more favourable
potential with respect to Au, but what it is important to underline is that all the three
bimetallics react at potential even more favourable than the Ag alone. Surprisingly,
the signal is not in the middle between those of the two single metals, but it is
drastically anticipated with respect to both (see Table 3.3.5). This is a confirmation

of the synergistic effect and of the enhanced performances of these hybrid systems.

— Ag
0.7 :ﬁfjw\u Table 3.3.5: Reduction potential values for the
0.04 Au@Ag e  bimetallic and monometallic catalysts towatds
Authe Acetobromo-a.-D-glucose.
-0.74
g 144 System Eea/V
(]
é 214 Au -1.94
= 23 L/\_/ Ag 1.65
354 Ag@Au -1.30
42 Au@Ag -1.33
404 Aut+Ag -1.39
-2.0 - II<8 - ll.6 - II.4 - II.2 -1.0

Evs SCE/V

Figure 3.3.13: CV of bimetallic and monometallic catalysts registered in ACN with 0.1 M TBAP
solution as supporting electrolyte, at 100 mV s, in the presence of 2 mM of Acetobromo-a-D-
glucose.

At this point, due to an observed poisoning effect of the electrode due to the
subsequent addition of the analyte in solution, it was decided to try these systems
with another molecule, similar in the electrochemical reductive behaviour, ze. benzyl
bromide. The reduction of benzyl bromide is shown in Figure 3.3.14. To see more
clearly the effects, the answer towards the monometallics is shown in a separated
graph (Figure 3.3.14 (a)) with respect to the one of the bimetallics (Figure 3.3.14
(b)). In this case, the situation is even more interesting than the previous one, since
it can be possible to distinguish more clearly between the three bimetallics. In fact,

also in this case Au reacts at the lowest potentials, followed by Ag and then by the
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bimetallics (see Table 3.3.6). Bimetallic systems react more or less at the same
potential, but with different peak shapes. In fact, it is evident that there are two peaks
in the case of bimetallics, reasonably ascribable to Ag and Au in the hybrid,
respectively. In the core-shell systems, these peaks are not so clearly separated, while
in the case of the Au+Ag alloy they ate more defined. In the case of Ag@Au system,
it seems that the first peak is prevailing on the second, while the opposite is

happening in the case of Au@Ag.

Table 3.3.6: Reduction potential values for the bimetallic and monometallic catalysts towards Benzyl
bromide, AE refers to the difference, in mV, between the monometallic and bimetallic peak positions.

System Eea/V AEq,/ mV | AEs, / mV
Au -1.55
Ag -1.36
Ag@Au -1.37 -1.19 180 170
Au@Ag -1.43 -1.20 120 160
AutAg -1.38 -1.11 170 250
1.6 1.6
] —— Ag@Au
0.8 054 Au@Ag
1 ’ AutAg
0.0
0.0
-0.8 4 1
081
g ].6-_ E L6
£ £
=324 =4
-4.0 -3.2 1
-4.8 1 —Ag -4.0 4
| Au
56 (2) sl/ ()
20 <18 <16 -14 -12 -10 08 -06 20 <18 <16 -14 -12 -1.0 -08 -06
Evs SCE/V EvsSCE/V

Figure 3.3.14: CV of monometallic (a) and bimetallic (b) catalysts in ACN with 0.1 M TBAP solution
as supporting electrolyte, recorded at 100 mV s, in the presence of 2 mM of Benzyl bromide.
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Figure 3.3.15: CV of Au, Ag and Au+Ag catalysts
in ACN + 0.1 M TBAP solution, at 100 mV s'!, in
the presence of 2 mM of benzyl bromide

XAFS Analysis — 5 min systems

XAFS spectroscopy was quite useful in the study of the structure of the
monometallic Au, Ag and bimetallic Au-Ag catalysts. In particular, taking into
account that Au and Ag have the same FCC structures and very similar lattice
parameters, since they have very different backscattering functions this makes XAFS

spectroscopy able to distinguish their different contributions™.

o Monometallic An and Ag catalysts

The monometallic Au sample shows (see Table 3.3.7 and 3.3.9) the presence of
small FCC Au nanoparticles (N= 9.6) with a small contraction of the nearest
neighbour distance. Taking into account the coordination number found and a
spherical shape, an estimation of a mean particle dimension gives a Diewn = 25 A. On
the contrary the FCC monometallic Ag nanoparticles (see Table 3.3.7 and 3.3.10)
are surely bigger (N=11.5) and an estimation of a mean particle dimension gives a

Dinean > 80 A.

115



3. Metal-Metal Hybrids

Table 3.3.7: Results of the fitting procedure on the 5min catalysts Ak= (2.5-14.5) A1, k® for Auand
Ak= (2.0-11.8) A1, k2 for Ag

Sample N; Ry o2 NN;
Au Folil 12 2.870 0.0038 Au-Au
Au 9.6 2.856 0.0051 Au-Au
Ag Foil 12 2872 0.0037 Ag-Ag
Ag 115 2.872 0.0043 Ag-Ag

o Bimetallic catalysts

In order to understand the structure of the bimetallic catalyst, it was firstly considered
the sum of the coordination numbers (first shell) at the two absorption edges for the
three samples. Values are listed in Table 3.3.8 and in more details in Table 3.3.9
and 3.3.10. In all examined spectra A is bigger than B meaning that in all the

bimetallic samples the Au contribution is bigger.

Table 3.3.8: Coordination number of the bimetallic catalysts at the first shell named as A= (Nay-Au

+ Nauwag) (Au Ls edge) and B= (Nagag + Nagaw) (Ag K edge)

sample A NAu—Au NAu—Ag B NAg—Ag NAg—Au
Ag@Au 10.3 7.4 2.9 5.7* 23 3.3
Au@Ag 10.6 7.3 3.3 9.2 6.5 2.7
Aut+Ag 10.7 8.2 2.5 8.0 5.7 23

®only for this sample there is a first shell Ag-Cl contribution not included in the sum

Table 3.3.9: Summary of the results of the fitting procedure on the 5min catalysts Ak= (2.5-14.5)
A1, k3. BOLD NN= Nror( AuAu+AuAg)

Sample Ny Ry C12 NN,
Au Foil 12 2.870 0.0038 Au-Au
Au 9.6 2.856 0.0051 Au-Au
Ag@Au 7.4 (10.3) 2.859 0.0039 Au-Au
2.9 2.8597 0.0039 Au-Ag
Au@Ag 7.3(10.6) 2.857 0.0041 Au-Au
3.3 2.859 0.0038 Au-Ag
Au+Ag 8.2(10.7) 2.858 0.0042 Au-Aul
2.5 2.861 0.0048 Au-Ag
4.0 4.050 0.0084 Au-Au2
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Table 3.3.10: Results of the fitting procedure on the 5m catalysts Ak= (2.0-11.8) A1, k2 BOLD
NN= Nror(AgAg+AgAu)

Sample N1 Ry o2 NN;
Ag Foil 12 2.872 0.0037 Ag-Ag
Ag 11.5 2.872 0.0043 Ag-Ag
Ag@Au 2.3 (5.7) 2.865 0.0041 Ag-Ag
3.4 2.86 0.0043 Ag-Au

1.6 2.74 0.0067 Ag-Cl
Au@Ag 6.5(9.2) 2.87 0.0055 Ag-Ag
2.7 2.86 0.0041 Ag-Au
AutAg 5.7(8) 2.87 0.0058 Ag-Ag
2.3 2.86 0.0050 Ag-Au

AgCl | 6 | 2.76 | 0.0079 | Ag-Cl

o Ay + Ao system (AuAg)

The Aut+Ag sample (in the graph named as AuAg) is the one with the highest Na.
A coordination number and also the one with the smallest Au-Ag contribution (Nau-

rg (AutAg) < Nauag (Ag@Au) and Naua(Au@Ag)), as listed in Table 3.3.8.

As Figure 3.3.16 (a) shows for this sample (EXAFS spectra), it was possible to fit
also the highest coordination shells and, as Figure 3.3.17 (a) shows (XANES
spectra), there is an Au-Ag interaction, although smaller than the one present in the
other two samples. The Ny s, (5.7) of the AuAg sample (see Figure 3.3.16 (b)) is
smaller than Nau4(8.2), but it can indicate the presence of small Ag cores. Taking
both this information into account, it is possible to imagine a structure in which there
are big Au cores with an Ag shell, but also small Ag cores surrounded by a Au shell.

In this sample A>B, means that the gold contribution is higher than the Ag one.

° Ag@ﬁu system

In the Ag@Au sample the N, au coordination number is smaller than the one of the

previous Aut+Ag sample (7.4 < 8.2). Moreover, also the second coordination shell
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can be fitted using an Au-Au contribution, but it is not possible to fit the highest
coordination shells. Things are clearly changing if compared to the Au+Ag sample,
since there is a decrease of the Au-Au contribution and an increase of the Au-Ag
one. Only in this sample the Ag-Ag coordination number is very small and the Ag-
Ag distance is shorter. Considering this information, it is possible to think about a
structure in which there are Au cores surrounded by rich Ag shells. Moreover, the
external Ag atoms or segregated ones have also Cl atoms as nearest neighbours,
probably deriving from the synthetic procedure (See Figure 3.3.17 (b) and 3.3.16
(c)). In this sample A>>B, means that the Au contribution is much higher than the

Ag one, probably also due to the presence of Cl atoms.

° Aﬂ(@dg system

In the Au@Ag samples it seems that there ate Au and Ag cores of comparable
dimensions, with a slight increase in the case of gold. By the way, even if the
contribution of gold is bigger, the value of A and B are almost comparable (A= 10.6
and B= 9.2). In fact, in this configuration, the Ag- Ag contribution is the biggest
(but smaller than the Au-Au one) of the three different bimetallics, as it can be seen
in Figure 3.3.16 (b). In this sample the presence of Ag is more “invasive” and it is
also visible from the shape of the FT at the Au L; edge reported in Figure 3.3.16
(a). In this sample it is more difficult to define only the presence of Au-cores and

Ag-shells, because also the Ag contribution is relevant.

XANES Analysis — 5 min systems

Concerning the XANES spectra at the Au L; edge, as Figure 3.3.17 (a) shows, the
Au@Ag and the Ag@Au samples are very similar, probably due to their comparable
Au-Au and Au-Ag contributions. On the other hand, at the Ag K edge, as Figure
3.3.17 (b) shows, the Ag@Au sample is the one showing a big difference due to the
presence of a AgCl phase, while the XANES spectra of the AuAg and Au@Ag
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Figure 3.1.16: Fourier transforms of the experimental (full lines) and theoretical (dashed lines)
EXATFS spectra of the monometallic and bimetallic samples compated to the one of the Au (a) and

Ag (b) and (c) reference sample.
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Figure 3.3.17: XANES spectra of the monometallic and bimetallic samples compated to the one of

the Au (a) and Ag(b) reference sample.
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TEM Analysis

Transmission Electron Microscopy (and High Resolution TEM), together with the

previously explained EXAFS, is one of the most powerful technique to characterize

nanomaterials. For this reason, it was here involved as an additional technique to

understand the structures of mono and bi-metallic AuAg systems under

investigation.

Figure 3.3.22 reports TEM images at different
magnitude of the supported monometallic Au
nanoparticles, with the relative particle size
distribution (Figure 3.3.21), from which it was found
a mean diameter of 2.8 nm. This result is in
accordance with the results obtained from XAFS
analyses, which gave a mean size of 2.5 nm (see

previous Paragraph).
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Figure 3.3.21: Size ditribution of

Au catalyst.

Figure 3.3.22: TEM images at different magnitude of the monometallic Au nanoparticles catalyst.

Concerning the bimetallic structure, a deep investigation of the three systems at 5

min from the synthesis were done, for the final comparison with the other two

characterization tools.
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Figure 3.3.23: TEM images at different magnitude of the bimetallic Au+Ag nanoparticles catalyst.
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Figure 3.3.24: EDS spectra of Au+Ag catalyst.
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Figure 3.3.25: Size distribution of Au+Ag
catalyst.

TEM images of this system (Figure
3.3.23) show the presence of an alloy, in
which Au and Ag are both present from
the internal core to the external shell, as
evidenced from the EDS profile on a
single particle, in Figure 3.3.24. In fact,
looking at the shape of the curve (the
black one refers to Au, while the red one
refers to Ag), it is possible to claim that in
the core both metals are present, since
there are two lines with a Gaussian
shape. This means that, thinking to
move from the external to the internal
part of the nanoparticle the counts of
the metals are increasing from the shell
to the core. If there was a core shell
structure, the shape of the line would

have been flatter. It seems, by the way,

focusing on the ratio between the counts of the two metals, that there is an
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enrichment of gold (mean composition: atomic gold 59%). In this system, the
composition is really close to the nominal one, 50% of Au and 50% of Ag. The

particle size distribution (Figure 3.3.25) gives a mean diameter of 3.2 nm.

The HADDF profile is reported in Figure 3.3.26 (a) and Figure 3.3.27 (a). The
carbon element contribution is shown in Figure 3.3.26 (b), related to the presence
of the carbonaceous support (carbon nanofibers, HHT). Figure 3.3.26 (c) highlights
the contribution of silver atoms (green spots), while (d) is related to the gold one

(red spots). Line analysis on some particles were conducted, showing that gold and

silver are equally distributed (Figure 3.3.27 (a) with relative EDX spectra (b) and
(©))-

Figure 3.3.26: HAADF images of the bimetallic catalyst Au+Ag with elemental analysis: C (b), Ag
(c) and Au (d)

122



3. Metal-Metal Hybrids

500 ]
W Hesor

400 o H
5 m -
3 300
£
3
E 200 o
: (b)

100

0 T T T T T
0 2 6 8 10
Positien (nm)
500
W eeor

e H
E B
S 300
£
T
B 200
: ©
2

100

6
Position (nm)

Figure 3.3.27: HAADF analysis of particles of Au+Ag system, with relative line analysis (b) and (c)

Ag@ﬁﬂ system

Figure 3.3.28 reports TEM images of the bimetallic Ag@Au system. As in

the

previous Aut+Ag case, the nanoparticles are again really small. From the size

distribution counts (Figure 3.3.29) it was found a mean diameter of 2.8 nm.

Figure 3.3.28: TEM images at different magnitude of the bimetallic Ag@Au nanoparticles catalyst.
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Regarding the EDS profile (Figure 3.3.30) on a single particle, in this case it seems
that in the core there are both gold and silver, maybe alloyed, but the silver profile is
flatter than the one of the Au+Ag system. This evidence could be related to a higher
amount of silver also in the shell. HAADF and line analysis (Figure 3.3.31) support
the hypothesis of having both gold and silver, but if compared with the previous

system, the amount of silver seems higher.
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Figure 3.3.29: Size distribution of Ag@Au Figutre 3.3.30: EDS spectra of Ag@Au
catalyst nanoparticles. catalyst.
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Figure 3.3.31: HAADF analysis of particles of Ag@Au system, on the left with relative line analysis
on the right.
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Au@Ag system
Figure 3.3.32 reports TEM images of the Au@Ag bimetallic catalyst. Particle size

(Figure 3.3.33) are in accordance with the other two samples, a little bit higher, with
a mean diameter of 3.5 nm. EDS spectra (Figure 3.3.34) shows particles that are
bimetallic in the whole structure, but with a core that is richer in silver and a shell

richer in gold, with respect to the previous samples.

Figure 3.3.32: TEM images at different magnitude of the bimetallic Au@Ag nanoparticles catalyst.

= 50 20

< dm=3.5nm; SD=17

2 40, m = 2. T : - —

s 30 w0 e _’-'\'-J,\I X \

g t 104 { \/ VA,

[T 20 g f-"l.’.-" I\\1

2 © 4 ARS

= 19 / N\
0 2 4 6 8 10 12 14 0 2 4 6 81012141618

Particle size (nm) Distance (nm)
Figure 3.3.33: Size distribution of Au@Ag Figutre 3.3.34: EDS spectra of Au@Ag
catalyst nanoparticles. catalyst.

HAADF images, supported also in this case by elemental map and line analysis
(EDX), show that both gold and silver are present, but for some particles it is
possible to clearly see an enrichment of gold in the shell, as evidenced in Figure

3.3.35. EDX spectra clearly show that moving from the external to the internal part
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of a particle, the amount of silver is prevailing with respect to gold, meaning that the

presence of silver cores is reasonably verified.
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Figure 3.3.35: HAADF analysis of particles of Ag@Au system, on the left with relative line analysis
on the right.

Comparison of the three techniques
o Ag@Au system

CV experiments showed a structure in which the amount of silver in the external
layer is the highest of the three bimetallics. For sure the shell is not intact, since the
internal Au is evident from oxidation and reduction peaks. The external shell of silver
is then drastically changed after a CV cycle, meaning that it is not so thick and not

stable.

EXAFS analyses are in accordance, since they highlighted an external thin layer of
silver, maybe due to the presence of Cl atoms deriving from the synthetic procedure.

This could reflect also in the low coordination number for Ag-Ag and it is also
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responsible of the difficultly encountered in understanding the real structure of the

shell.

TEM results seems to confirm what shown from the other two techniques. In fact,
from this characterization, the presence of bimetallic AuAg cores is highlighted, but
a higher amount of silver, especially when compared with the relative alloyed Au+Ag

system is evidenced.

In conclusion, it could be claimed that in this case a perfect core shell is not formed,
since the presence of silver is verified also in the cores. Moreover, gold is external
too, but in this case the amount of silver seems to be more relevant. It seems that

silver shell, really thin and not perfect, are covering bimetallic AuAg clusters.

o Au@Ag system

CV expetiments showed a system which is different from the Ag@Au core-shell
especially looking at the silver part. A bimetallic composite seems to be present even
if in low quantities. After a first cycle the presence of silver, similar to the
monometallic, is evident, meaning that probably there is the presence of a silver core,

in higher amount than the other bimetallics.

EXAFS is in accordance with these considerations because from the coordination
number extrapolated from here, the values of Nauau and Naga, are similar,
supporting the idea of having Au and Ag nuclei of consistent dimensions. Moreover,
Nag-ag 1s the biggest of the three systems, confirming the hypothesis of having silver

cores.

TEM images and EDS analysis are again in accordance, showing from line section
that the amount of silver is for sure higher in the core, while gold is higher in the

shell.
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o AutAg system

CV experiments showed an intermediate structure, in which the external layer seems
to be composed by silver and gold, concomitantly, and affected one by the other. In
fact, the signals are slightly different in shape and position from the ones of the
relative monometallics. It is reasonable to think about a relation between Au-Ag and
Ag-Au of comparable intensity, with an enrichment of the contribution given from

gold.

EXAFS analyses support what it was observed with CV. In fact, in this material the
coordination number of Au-Ag and Ag-Au, even if lower with respect to the other
two systems, are internally the most similar when compared one to the other (2.5 vs
2.3), meaning that the relation between the two metals is more or less the same. Also
in this case it seems that there is an enrichment of the contribution of gold, but both

Au and Ag cores are present.

TEM analyses are again in accordance. In fact, an alloyed structure is proposed,
simply by looking at the EDS profile, from which both Au and Ag seems to be
present from the shell to the core, with comparable intensities. Only a small
enrichment of gold is reported, again confirming what it was previously claimed from

CV and EXAFS considerations.

In conclusion, it seems that this system is effectively an alloy, in which there are both
core of gold and silver, but for sure there is the highest relation between the two

metals and the most distributed mixed AuAg phase in the whole system.

Conclusions

In general, the three techniques are in accordance one to the other. It could be
claimed that in all the three bimetallic systems the presence of AuAg particles is high

and there is not a clear distinction between the core and the shell. The alloy seems
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effectively a bimetallic, but the two supposed core shell show some contamination

with the metal that should be in the core present also in the shell.

What is really interesting to underline is the fact that it is possible to draw the same
conclusion also from a simple and not so commonly involve technique like cyclic
voltammery. In fact, electrochemistry is here proposed as a successful tool for a
general and preliminary survey of bimetallic catalysts. The technique is easy to use,

low cost, not requiring expensive equipment.
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4.1 Au/TiO; Hybrid Materials

Focus

In this part of the PhD Thesis, a hybrid based on AuNPs and a TiO; layer is the
material under investigation. At the beginning, the interest is focused onto the
properties that each single component possess and on how the two materials
(AuNPs and TiO,) interact. Therefore, a deep investigation on the instauration of an
effective heterojunction is done, trying to fulfil the gap of the actual research on
hybrid materials, which is often dominated by trial and error procedures, missing a
deep atomistic understanding of the phenomena located at the heterojunctions. The
results are compared with the ones obtained in a previous work conducted on a
similar device, modified with silver nanoparticles instead of gold," highlighting strong

differences among the two devices.

The final application of this material is the detection of contaminants of emerging
concern (in particular, diclofenac). Emerging Contaminants (EC) represent
pollutants of new interest due to their recent findings in environmental matrices,
especially water, and they have potential human health effects after a chronic
exposure. Since now, they are not included in the current legislation for Drinking
Water Quality (WHO, 2011) and the Drinking Water Directive — Council Directive
98/83/EC (EC, 1998).>" Only a restricted number of agencies proposed some
guidelines for detecting and establishing a provisional safety level, the Drinking
Water Guidelines Levels (DWGLs). Among the emerging contaminants, personal
care products (PCPs), pharmaceuticals and hormones, illicit drugs, pesticides,
artificial sweeteners, perfluorinated compounds, disinfection by-products and sun
screen agents can be listed.® They are worldwide used substances, almost
indispensable for modern societies and it can be assumed that their concentration is
going to raise as a result of the increasing trend of urbanisation. All these
compounds, and their metabolites, can be introduced into the aquatic environment

in complex mixtures via different routes, but especially they derive from effluents of
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wastewater treatment plants and from agricultural and industrial activities. In fact,
the main problem related to this family of pollutants is that they cannot be removed
from water with the conventional treatments (active carbons, flocculation,

disinfection).

Diclofenac (IUPAC name: 2-[2-(2,6-dichloroanilino)phenyl]acetic acid) is a Non-
Steroidal Anti-Inflammatory Drug (NSAID), used mainly to treat pain and
inflammatory diseases. Intercontinental Medical Statistics (IMS) health database
reports that, analysing the two-year period 2011-2013 in 86 nations, the global annual
consumption of this drug was about 1450 tons (data referring only to the human
consumption, not taking into account the animal related consumption). In 2013,
diclofenac has been put, along with other pharmaceuticals, into a Watch List by the
European Union of “European Water Framework Directive”, containing all those
emerging compounds that are supposed to be harmful for the environment.

According to this document, an Environmental Quality Standard has been set for

Diclofenac: the maximum concentrations allowed are 0.1 pg/L in fresh waters and
0.01 mg/L in marine waters (2013/39/EC, European Directive, Diclofenac EQS
Dossier 2011). The presence of diclofenac in the environment is mainly due to its
excretion, together with its metabolites, by humans and animals. These compounds
reach the conventional wastewater treatment plant (WWTP) where they can follow
two different routes. On one side, part of Diclofenac is adsorbed by the sludge that,
eventually, ends up in a landfill, from where, by percolation, enters in the surface
waters; on the other side, it remains in the wastewaters and it is discharged directly
into the surface waters. Diclofenac is a fairly persistent drug in the environment,
since conventional wastewater treatment systems do not provide a good percentage

of removal, as previously mentioned.”"

Nowadays, the detection methods commonly involved for the analysis of emerging
contaminants are especially chromatographic ones, usually coupled with mass

spectrometry, in order to reach lower detection limits. Extraction methods,
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microwave assisted'' or in combination with rotating disk technologies'?, are other
detection tools for these emerging contaminants. Electrochemistry is proposed as
low-cost analytical technique for the creation of an “alarm” sensor, for a preliminary
screening of the environmental sample, suitable for on-line, on-site and continuons
monitoring. In this context, this part of the PhD project rises. The transparent
Au/TiO; hybrid here proposed, in fact, resulted to be particularly suitable for the
detection of diclofenac thanks to the presence of gold nanoparticles, reported to be
electroactive towards such analyte.” The presence of TiO,, in addition, allow to
create a photo-renewable sensor, whose surface properties and electrochemical

response could be restored simply by an UV-light treatment.
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Materials and Methods

Synthesis

o _AulNPs synthesis

0.06 g AuCl; (= 99.99 %, Sigma Aldrich), 0.088 g trisodium citrate (= 99%, Sigma
Aldrich) and 0.055 g PVP10 (Sigma Aldrich) are separately dissolved in 200 mL Milli-

Q and the resulting solution is poured in a three-necked, round-bottomed 500

mL flask equipped with a mechanical stirrer. The solution is cooled in an ice bath,
then 0.0075 g NaBH, (= 98%, Sigma Aldrich) dissolved in 5 mL Milli-Q) are added
dropwise under good stirring. The solution immediately turns red. After the
borohydride addition the suspension is left under stirring for additional 10 min. The
deep red suspension is transferred in a clean plastic bottle and stored first at room
temperature in the dark for a couple of hours (to decompose the excess of

borohydride) and then in the fridge.

o T70; sol synthesis

TiO:sol is synthesized following a known procedure'. Briefly, 0.9 mL of HCI 37%
(Sigma Aldrich) are added to a solution of Ti(OCs;Hy)s (Sigma Aldrich) in ethanol
(99,8 %, Sigma Aldrich) (0.1 mol in 100 mL) under stirring. Then, 0.47 g of Lutensol
ON70 (BASF) are added to the sol after being dissolved in 100 mL of EtOH (99.8
%, Sigma Aldrich). The sol is left under stirring for one hour and then stored in a

closed bottle avoiding humidity.

o Device Assembly

At first, FTO glass (Sigma-Aldrich (~ 7 (€2 sq)) is sonicated in a cleaning solution
(H>O: 2-propanol (Catlo Erba reagents): Acetone (Sigma Alrdich), 1: 1: 1) and then
irradiated for one hour under UV light. Once that the FTO glass is cleaned, it is
immersed by dip coating in a solution of H,SO,; (97-99%, Sigma Aldrich) for
approximatively one minute, in order to favour the cleaning and concomitant
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acidification of the support. The support is dried under nitrogen flux. At this point,
the conducting glass is dipped in an ad-hoc cell containing 18 mL of anhydrous
toluene. The environment inside the cell is degassed with nitrogen stream and then
the reactor, carefully closed, is immersed in a bath at 70°C for one hour. Then, 36
mL of MPTMS ((3-mercaptopropyl)trimethoxysilane, 95%, Sigma Aldrich) and 4 mL
of APTES ((3-aminopropyl)triethoxysilane, 99%, Sigma Aldrich) (9:1 volume ratio)
are mixed in 2 mL of toluene (Sigma Aldrich) and added in the reactor, in order to
reach a total volume of 20 mL of toluene in the cell. The reactor is then left again at
70°C for three hours. After that, the conducting glass (now functionalized with the
binders) is taken off the reactor and cleaned by subsequent sonication step in toluene
(Sigma Aldrich), EtOH (96 %, Sigma Aldrich) and Milli-Q water, for five minutes
each. These steps contribute to the creation of a single monolayer of binders and to
the removal of the un-grafted silane. The device is then immersed in a solution of
gold nanoparticles for one hour. After that, the device is washed with Milli-Q) water
and dried under nitrogen flux. The final step regards the immersion by dip coating
of the device in the previously prepared TiO, sol, for approximatively one minute.
A fast calcination (using a FORNO MAB calcination oven) for one hour at 400°C,
under N flow (200 cm’/min) is conducted, allowing the organic compounds
mineralization and the growth of oxide crystallinity, without altering the film

transparency.

Physico-Chemical Characterizations
o Ul~-Vis

UV-Vis analyses on the AuNPs sol were performed using a UV-2600
Spectrophotometer, Schimadzu. The synthetic sols were diluted in Milli-Q) water in

a 1:3 ratio and quartz cuvette were used to register the spectra, in a wavelength range

from 200 — 800 nm.
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o Transmission Electron Microscopy (TEM)

TEM Images of the AuNPs were recorded, using a Zeiss EFTEM LEO 912AB

(120 kV). The processing of the dimensions was done using the Image | software.

o Dynamic Light Scattering (DLS) and Zeta Potential

DLS analyses were performed onto the AuNPs sol using a Zeta-Sizer Nano ZS
Instrument (Malvern Instruments Corp., Malvern, Worcestershire, UK) equipped
with a solid state He-Ne laser (A = 633 nm). In the instrument, the detector is placed
at an angulation of 173° in order to detect the backscattered light, excluding in this
way excess scattered light. 1 mL. of AuNPs was placed into a disposable optical
translucent plastic cuvette without any further dilution at a temperature of 298 K.

Each hydrodynamic diameter was averaged from three measurements. Fitting was

performed using the correlation function G(t) = 0.15 - (Ai ce~Di"q* x), where

G(t) is the correlation coefficient, A4 the pre-exponential term, D; the diffusion

4-m-n
A

coefficient, x the time and ¢ the wave vector. ¢ is calculated as ¢ = : Sing
where A is the wavelength of the laser (633 nm), 0 the collection angle (173°) and »

the reflex index of the medium (in this analysis, since the dispersant is water, 7 =

1.33).1°

With the same instrument used for the DLS analysis, also Zeta potential
measurements on the AuNPs sol were performed, the only difference is in the cell

used for the measurement, which is here a dip-cell suitable for this particular analysis.

Electrochemical Characterizations

All the electrochemical characterizations were carried out using an Autolab PGStat
30 (EcoChemie, Utrecht, The Nethetlands) potentiostat/galvanostat equipped with
the Nova 2.0 Software (Metrohm Autolab). All the measurements were done in a

conventional three-electrode cell equipped with a Saturated Calomel Electrode
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(SCE) and a Platinum wire as Reference (RE) and Counter (CE) electrodes,
respectively. The working electrode (WE) was the selected FTO glass (2 x 3 cm
dimensions), functionalized with only AuNPs, only TiO; sol or with the final
Au/TiO; hybrid. An aqueous solution with 0.1 M NaClO4 was chosen as supporting
electrolyte and K4[Fe(CN)¢] was the selected redox probe for the characterization of
the materials. Cyclic Voltammetry (CV) was performed by scanning the potential in
a selected potential range with a step of 5 mV at different voltage scan rates (form
0.01 Vs’ to 1 Vs). Electrochemical Impedance Spectroscopy (EIS) was performed
at different potentials in the presence and in the absence of the redox probe.
Frequencies were varied between 650000 and 0.1 Hz and a sinusoidal potential curve
with an amplitude of 10 mV was applied in all cases. All the impedance data were

processed by using Z-View 3.1 software.

Photocurrent measurements were performed registering the current at an applied
potential (+ 1 V). Initially, the electrode was maintained at the chosen potential in
the dark for 600 s; then an halogenide UV lamp (Jelosil HG500) was switched on for

200 s and off for 100 s, repeating 6 times these two steps.

Electroanalytical Applications

The as created electrodes were used as electroanalytical sensors for Diclofenac. A
Diclofenac Sodium (DS, Sigma Aldrich) solution has been prepared dissolving the
necessary amount of salt in Milli-Q water. The electrochemical analyses were
performed in a PBS (Phosphate Buffer) solution as supporting electrolyte at a desired
pH of about 4 (reached by adding to the solution the suitable amount of HCI (37%,
Sigma Aldrich) and HCl 0.1 M). All the electrochemical measurements were
performed with the same instrument used for the electrochemical characterizations,
namely an Autolab PGStat 30 (MetrOhm Autolab, Utrecht, The Netherlands) and
with the same cell configuration (using a platinum wire as Counter electrode, a

Saturated Calomel as Reference electrode and the modified FTO as Working
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electrode). The expetimental parameters were adapted from the Literature®, briefly,
a Cyclic Voltammetry between 0.3 V (SCE) and 1.2 V (SCE) was recorded, with a

voltage scan rate of 100 mV s

UV-light treatment

The synthesized devices, after being used as electroanalytical sensors, were subjected
to a UV-light treatment in order to investigate the possibility to photo-renovate the
surface. In more details, the electrodes were irradiated using an iron-halogenide lamp
(with a power of 45 mW c¢m?) for different times and in different conditions (in air,
in water and in water with stirring). In the last part of the work, it also a commercially
available IP95 waterproof ultraviolet Light Emitting Diode (385-400 nm, UV-A
level) with a maximum of intensity located at ca. 390 nm was involved. The light

power intensity checked by a power meter corresponded to ca. 14 mW ecm™.
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Results and Discussion
AuNPs Physico-Chemical Characterization

The synthesized AuNPs, which are expected to have an average diameter of 10 nm,

were deeply characterized by UV-Vis, TEM, DLS and Zeta Potential measurements.

UV-Vis spectroscopy is one of the most common technique involved to characterize
gold nanoparticles, since from the shape of the spectra it is possible to estimate the
size, the concentration and the aggregation of the colloidal solution. The big
advantages of this characterization technique is that it requires short time, it is user-
friendly and it does not lead to alteration of the sample during and after the analysis."
The optical responses of AuNPs are governed by the collective response of
conduction electrons, which form an electron gas. When this gas interacts with an
external light field, it moves away from equilibrium position, creating a surface
polarization charge that acts as a restoring force on the electron gas. The result is a
collective oscillatory motion of electrons, called “plasmonic excitation”. This motion is
characterized by an absorption band, which, for gold, lies in the vis-NIR region of
the spectrum. This is the reason why colloidal suspensions of gold nanoparticles are
normally red. The plasmonic excitation depends on the characteristics of the
particles: any change in shape, size or functionalization alters the electric field on the
surface resulting in a change in the oscillatory frequency.'” As the dimensions of the
particles increase, the plasmonic band is red-shifted and it becomes broader: this is
why UV-Vis spectroscopy is a valid method to assess the stability and the aggregation
of the nanoparticles. In this work, UV-Vis spectra have been recorded monthly in
order to evaluate the stability of the colloidal AuNPs sol over time. The related
spectra are shown in Figure 4.1.1. As it can be seen, a maximum is observed at an
average value of 522 nm (see Table 4.1.1), which is stable both in the shape and in
the position even after several months from the synthesis of the colloid, meaning
that the solution is highly stable in time. The first red-shifted value (13_Nov_2018,
526 nm) can be ascribed to an initial instability of the sample and to a consequent

non-homogeneous size distribution of AuNPs.
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Figure 4.1.1: UV-Vis spectra of the AuNPs

colloidal sol at different times from the synthesis.

Table 4.1.1: Ama of the AuNPs colloidal
solution recorded monthly.

DATE Amax / nm
13_Nov_2018 526
18_Dec_2018 518
25_Jan_2019 520
25_Feb_2019 522
25_Mar_2019 522
08_May_2019 524
30_May_2019 525
Amax mean = 522 nm

In order to evaluate in a more accurate way the dimension of the nanoparticles, TEM

images were recorded and the average size was calculated by using the Image ]

software, sampling a total number of 150 entities. Figure 4.1.2 (a) shows the

morphology of the nanoparticles, which are spherical in shape. It seems that the

dimensions are not homogeneous and from the calculated average size (see Figure

4.1.2 (b)) the mean diameter is higher than the expected one (around 30 nm). It must

be underlined that some problems were encountered in the preparation of the sample

on the TEM grid and so some aggregation phenomena could have taken place.

(2)

™~
Figure 4.1.2: (a) TEM Image of AuNPs colloidal solution and (b) their size distribution
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Since from TEM analysis the size of the nanoparticles was not in accordance to what
expected, also DLS measurements were conducted onto the colloidal sol of gold
nanoparticles. Results are shown in Figure 4.1.3 (a), (b) and (c). The first graph
(Figure 4.1.3 (a)) shows the intensity of the light scattered by the nanoparticles. As
it can be easily seen, since the light intensity depends on the sixth power of the radius,
larger particles scatter much more light than those with smaller diameters. This is
why the peak centred at 80 nm is higher than the one at around 8 nm. This could
lead to the wrong assumption that most of the particles contained in the sol have a
diameter of about 80 nm. However, looking at Figure 4.1.3 (b), related to volumes,
it is evident a solitary peak at about 10 nm. This type of graph shows how much
each population weighs in mass on the total volume: this means that, within the sol
of AuNPs, almost all the nanoparticles are very small. The analysis is further
confirmed by Figure 4.1.3 (c), related to the “numbers” of nanoparticles, whose
result is consistent with the others. From the fitting of the spectra, the average size

of the nanoparticles resulted to be (6.6 = 0.7) nm.
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Figure 4.1.3 DLS analysis of the AuNPs colloidal sol. (a) Intensities (b) Volumes and (c) Numbers.

In addition to these characterizations, also Zeta potential measurements were
conducted onto the AuNDPs colloidal sol, in order to have information of their
surface charge. Zeta potential, termed also as electrokinetic potential, is the potential
measured at the slipping plane of a colloidal particle, which is moving under an
electric field. It can be thus considered as the potential difference between the electric

double layer of the particle and the layer of dispersant around it."* During the analysis,
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an electric field is applied to the colloidal solution and the electrophoretic mobility

of the particles is measured. The electrophoretic mobility (W) is proportional to the

. . . 4-mon- . L
Zeta Potential () according to the equation { = Z T Shere 1N is the viscosity

of the solution and € the dielectric constant. The surface charge of the particles can
be easily determined by the direction in which they move during electrophoresis.

Figure 4.1.4 reports the Zeta potential graph of the investigated sample.
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Figure 4.1.4: Zeta Potential measurements of AuNPs colloidal sol.

Table 4.1.2: Zeta Potential results from the three records registered on the AuNPs sample.

ANALYSIS Zeta Potential / mV
RECORD 1 -33.5
RECORD 2 -33.2
RECORD 3 -34.9
AVERAGE (-33.9 £ 0.9)

The surface charge of gold nanoparticles is negative: this is consistent with what was
expected since these nanoparticles were synthesized using citrate, which is a
negatively charged molecule. Moreover, the absolute value of zeta potential is greater

than 30 mV, which means that the suspension of AuNPs can be considered very

stable.'®
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Au/TiO; vs Ag/TiO, Hybrids

As previously mentioned (see Focus), the first hybrid material that serves as
reference for the object of study of this Chapter, is a composite material based on
silver nanoparticles and titanium dioxide (anatase phase) layer. A similar device has
been already used for several photocatalytic purposes and engineered for the

. . . 0_
electrochemical detection of relevant neurotransmitters,’” '

also proving its
photorenewable characteristics™. A theoretical and electrochemical concerted study
showed that the two materials are in deep contact one to the other and that a real
interface is created, where the electrochemical properties of silver are drastically
changed with respect to the expected ones. Figure 4.1.5 (a) reports the cyclic
voltammetry patterns of the Ag/TiO, hybrid with respect to its single components
(AgNPs and TiO; alone), recorded in 0.1 M NaClO,. As expected, no faradaic
current is detected for the wide band-gap titanium dioxide semiconductor
nanoparticles, while, in the case of the Ag-modified electrode, a typical plateau at
positive potentials (associated to the formation of Ag oxides on the silver surface)
and the relative reduction peak are present. The Ag/TiO, hybrid voltammogram
presents a sharp oxidation peak for silver, shifted at more favourable potential, with
an area higher than that of the reduction counterpart (even if the Ag quantity that is
deposited on the bare Ag-modified FTO and on the hybrid is the same). This effect
is ascribed to a charge donation from Ag to Titania, where the most external atoms
of silver release their electrons to the top layer of titania. Ag is then poor in electrons
and more easily oxidised. This electron transfer phenomenon is again confirmed by
photocutrent experiments (Figure 4.1.5 (b)), in which it is clear that the Ag/TiO,
hybrid possesses a lower photocurrent density compared to the bare TiO,, meaning
that part of the electrons do not participate to the formation of a photocurrent, but
are simply donated from Ag to TiO,. The strong adaptation of silver to titania is also
confirmed by looking at the shape of the Bode plots, in Figure 4.1.5 (c), where it is
evident that the hybrid material is practically the same of the single TiO, and differs

from the single Ag. Moreover, looking at the equivalent circuits derived by using the
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Software ZView, the presence of an additional circuit in the case of the hybrid could

be a proof of the effective formation of an interface (Figure 4.1.6)

40— 80
() Ag (A) (b) ——TiO, +0.12 V (A) (c)
——— AZTIO, (B) . 801
, 704 —— Ag/TiO, +0.12 V (B} ;
304——Ti0, (C) 60 ——Ti0,+1V(C) 3
- o —— Ag/TiO, + 1 V (D) 60-
E 201 § 50 - 3
o B < ?‘“ 4
3 2401 ¢l Tu A
= 104 A ':3",
o 20 20— *—Ag(A)
=7 ¢ . T,
—«—Ti0, (C)
-10 T T T T 0 . ! } 0 e — T T
01 00 01 02 03 04 500 1000 1500 2000 ' w0 1wt 10t 10t 1wt 1’
EvsSCE/V t/s J/Hz

Figure 4.1.5: (a) CV patterns in NaClO4 0.1 M of the single Ag, single TiO2 and hybrid modified
FTO, recorded at 100 mV s-!. (b) Photocurrent experiments of the hybrid compared with the bare
TiO; electrode, recorded at two different potential (+1 V (SCE) and +0.12 V (SCE)) in 0.12 M
NaClOs. (c) EIS spectra, Bode plots, on NaClO40.1 M, at 0.1 V (SCE) for the hybrid compared with
the single components.!
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Figure 4.1.6: Equivalent circuits for the Ag, TiO; and the hybrid Ag/TiO,, respectively.!

In compatison with what happens with Ag/TiO; hybrids, similar experiments were
conducted on the Au/TiO;system and results are shown in Figure 4.1.7 (a), (b) and
(c). In this case it is clear, starting from the CV pattern, that the hybrid is more similar
to the FTO modified with only AuNPs, meaning that the intrinsic properties of gold
are maintained. The different shape of the oxidation plateau could be addressed to a

different disposition of gold nanoparticles, that could aggregate in the absence of the
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titania layer on top. By the way, also looking at the reduction peak, no strong
differences are highlighted: the peak of the single AuNPs and of the hybrid are at the
same position and the ratio between the area of the oxidation and reduction peak is
similar and not unbalanced as happened in the case of the Ag/TiO;system. This fact
let us suppose that no charge transfer is happening between the two materials of the
composite and a confirmation is obtained from the photocurrent experiments
(Figure 4.1.7 (b)). In this case, the hybrid and the bare TiO, possess the same
photocurrent density, meaning that in the case of the hybrid all the electrons involved
are used for the generation of the anodic photocurrent and no donation from gold
to titania is present. Figure 4.1.7 (c) shows the Bode plots recorded on the
background, from which is again possible to assert that the hybrid is really similar to
the bare gold, that is not adapting to titania as previously observed in the case of
silver. Figure 4.1.8 reports the related equivalent circuits. All these evidences let
reasonably claim that in this system both the components are retaining their peculiar
characteristics and are not affecting each other. Preliminary results from theoretical
calculation are supporting this hypothesis, since it seems really difficult to grow an
interface between gold and titania, conversely on what observed for silver. This could
be due to the more “noble” characteristic of gold as metal, which is less adaptable

than silver.
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Figure 4.1.7: (a) CV patterns in NaClO4 0.1 M of the single Au, single TiO» and hybrid modified
FTO, recorded at 100 mV s!. (b) Photocurrent experiments of the hybrid (both made of Au and Ag
nanoparticles) compared with the bare TiO; electrode, recorded at two different potential (+1 V
(SCE) and +0.12 V (SCE)) in 0.1 M NaClO.. (c) EIS spectra, Bode plots, on NaClO40.1 M, at - 0.1
V (SCE) for the hybrid compared with the single components.
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Figure 4.1.8: Equivalent circuits for the Au, TiOz and the system Au/TiO», respectively.

Table 4.1.3: EIS parameters from the fitting of the equivalent circuits in Figure 4.1.8.

Ra/ CPE,/ ai R;/ CPE;/ az R2/
Qcm?) | (UF cm? kQ cm?) | (UF cm™? (kQ cm?)
s*1) s*1)
Au 98.5 576 0.56 0.0394 25.3 0.92 15.7
Au/TiO; 92.9 335 0.65 0.0209 17.0 0.97 9.42
TiO; 56.7 54.9 0.88 8.64 16.6 0.94 207

From EIS fitting results (Table 4.1.3), what it can be immediately seen is that the
Au/TiO; system possesses parameters that are in the same order of magnitude than
the ones of the single Au, and not of the single TiO,, confirming what previously
supposed: gold is not adapting to titania and it is behaving like the bare metal. A
slight influence of TiO; onto the composite final performance could be seen in its
CPE, value, that is a little bit lowered with respect to the one of the bare Au system,
even if it is still far from the one of bare TiO,. The low resistance values (R;) of Au,
and also of the Au/TiO, composite, are due to the intrinsic characteristic of gold:

being a highly conductive metal it favours the reaction of the probe.

In general, the presence of two equivalent circuits could be ascribed to a first contact
between the electrode surface and the electrolyte solution and a second one due to

the contact between the ITO support and the materials deposited on it. As already
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underlined, the presence of the interface between Au and TiO; in the composite is

not highlighted from these data.

Au/TiO; Electroanalytical Applications

The composite material, as previously mentioned (see Focus), is applied in the

electroanalytical detection of diclofenac, a molecule that belongs to the family of

emerging contaminants. It is a NSID (Non-Steroidal Inflammatory Drug) and it is

widely used to treat pain and inflammatory disease, being the 10™ most sold drug in

Italy in 2018. Since it is only classified as emerging contaminant, a specific maximum

level of its concentration in water is still to be defined from Laws, but its dangerous

effects for human health under chronic exposure are almost clear. For this reason,

the necessity to construct a sensor able to detect such molecules in environmental

samples is a topic of growing interest in the last few years.
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Figure 4.1.9: Subsequent CVs of the
hybtid Au/TiOzin the presence of a 7¥10-
M of Diclofenac, in PBS at pH 4.

In this work, the presence of AuNPs is
exploited since their affinity towards
Diclofenac is known from the
Literature.” The presence of TiO,,
instead, is thought in order to recover
the electtrode surface which could
undergo fouling and passivation, after
diclofenac detection and polimerization

13,21,22 Iﬂ

on the electrode platform.
Figure 4.1.9 the cyclic voltammograms
registered in the presence of a fixed

concentration (7 * 10° M) of diclofenac,

in a Phosphate Buffer Solution, at pH 4, previously prepared for the intended

experiment are reported. As it can be observed from the voltammograms in Figure

4.1.9, the target molecule is strongly detected by the electrode, with an oxidation

151



4. Metal-Semiconductor Hybrids

signal (resembling a shoulder) at about + 1 V (SCE) at the first scan, and a small
signal at about +0.6 V (SCE), which is growing cycle by cycle. This signal is related
to the by-products of diclofenac, which are known to deposit onto the surface of the
electrode and to be responsible of its fouling and passivation.””* A possible oxidative

path followed by Diclofenac is reported in Figure 4.1.10.

0 @

uzo

Figure 4.1.10: Schematic representation of the possible oxidative path followed by Diclofenac. Used
with permission, Copyright 2015 ©, Elsevier.!3

2.3

The fouling effect was later on verified,

— - —Initial background

7 * 107 Diclofenac . .
Background after washing since if the electrode was washed and

Background after | h UV

2.0

then re-used in a background solution

in the absence of diclofenac, the signal

1 (nA em”)

relative to the by-product was still
present in the voltammetric pattern

(Figure 4.1.11). The electrode was then

subjected to a UV-light treatment: it
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: was left for one hour under irradiation

Figure 4.1.11: Device recovery with 1h
treatment with UV lamp (A max = 365 nm). with an UV lamp (Amae = 365 nm) and

then a CV on the background was performed. As Figure 4.1.11 show, the complete
recovery of the initial background was achieved, with the disappearance of the signal

relative to diclofenac.

This cleaning step was performed by leaving the electrode in air, directly irradiated
from the lamp, at a distance of about 20 cm. This step was then repeated also by

leaving the electrode in the background solution and so with the addition of the glass
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and the liquid medium as an “obstacle” between the light source and the device. Also

in this case, a complete recovery of the electrode surface was achieved.

The same procedure was repeated also leaving the electrode in the background
solution, under stirring, during the hour of irradiation. In this way, a possible “real”
situation is reproduced, if thinking about the creation of a sensor to be implemented

in a water pipe for a continuous monitoring of the pollutant in the environment.

Concerning this last point, for the

Background

1 =——7* 10" Diclofenac . .
Background after washing cleaning of the electrode surface, a big
Background after UV (LED)

UV lamp like the one used in the
laboratory cannot be employed for oz-

sife measurements. For this reason, the

7/ (uA em™)

use of a small LED, with a specific

emitting wavelength (in this case, 390

nm), was employed in the same

Ay ., configuration of the UV lamp. The

T T T
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EvsSCE/V
perfect recovery of the electrode

Figure 4.1.12: Device recovery with 1h surface was verified also in this case, as

treatment with UV lamp (A max = 365 nm).

clearly shown in Figure 4.1.12.

TiO; aging time: effect on the electroanalytical applications

By performing several electrochemical characterizations on different devices, it was
oberved, by chance, a different response of the electrodes towards the K4[Fe(CN)g]
redox probe (see Figure 4.1.13 (a)). These results were surprising because the
devices were expected to be identical, since the followed synthetic procedure was the
same for all the electrodes (see “Materials and Methods” Paragraph of this Chapter
for more details). The only thing that it was noticed to be different is the aging time
of the AuNPs and TiO; sols. In fact, both the solutions were synthetised once, stored

in selected bottles, and used when necessary to create the final devices. The three
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systems that are here under investigation were synthesized the same day, 9 days
and 15 days after the synthesis of TiO, sol. AuNPs were synthesized proviously and
so the aging time taken as reference is the one of the titanium dioxide sol. The
stability in time of the AuNPs sol was already discussed and verified in this section
(by means of UV-Vis analyses and confirmed by Zeta-potential results) and so the
only parameters that is still to be analysed is the stability in time of the TiO, sol.
Figure 4.1.13 (a) shows the behavior of three different devices toward the redox
probe Ky[Fe(CN)¢] and from this graph it can be immediately observed how the
position and the shape of the voltammetric pattern is changing, by changing the
device. In more details, focusing the attention on the oxidation step, for the systems
synthesized the same day of TiO, (dark line), a step-shaped curve is registered. This
curve is shifted at more favourable potentials in the case of the system synthesized 9
days after TiOs (red line), and the shape is no more a perfect step. Then, after 15 days
from TiO; synthesis (blue line), the signal is a peak and it is again shifted at voltage

closer to zero with respect to the previous one.
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Figure 4.1.13: Effect of the TiO> aging onto the response of the electrodes towards (a) K4[Fe(CN)g]
and (b) Diclofenac.

An hypotesis on what is happening is that the TiO; particles in the sol are changing
over time and they are probably aggregating, passing from a first situation

chacarcterized by very small particles to a system in which the particles are bigger.
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When the sol is deposited onto the electrode and then it is subjected to the
calcination step, it is possible to imagine the creation of a more compact layer in the
case of smaller nanoparticles and a less compact layer, with a more porous pattern,
for what concern particles of bigger dimensions. In this way, the final device presents
a smaller porosity when it is synthesized the same day of the TiO; sol and a bigger
porosity when it is finalized after 15 days. The smaller porosity could lead to a
mechanism of convergent diffusion of the probe towards the electrode, in which the Au
layer of nanoparticles (that are the electroactive species of the device) is resembling
a microarray of electrodes (see Chapter 2 for more details on the mechanism) where
the conducting materials is covered by a porous insulating layer. In the case of bigger
porosity, the electroactive layer of Au nanoparticles is no more hindered by TiO:; like
the previous case and the electroactive spots are big enough to generate a planar
diffusion mechanism. This fact is reflected by the shape of each voltammetric pattern,
that is a step when there is the convergent diffusion mechanism and a peak in the
case of the planar one. In a situation of higher porosity, morover, a higher amount
of electroactive surface area is avaiable for the probe to react and this could be the
reason why the current values are higher for the “15 days” materials with respect to
the “same day” one. In fact, the density current values reported in the graph are
normalized by the electrode geometric area, which is the same for all the three

materials, and not for the real surface area (since this value is still unknown). The
peak current density gap “same day-9 days” (25 pA cm?) is lower than the one of “9

days-15 days” (80 LA cm™) even if the time among the proof is slightly lower. This
could be explained by the fact that in case of convergent diffusion, normally, an
enhanchment of the current is registered and so the values for the “same day”
material could have been enhanced for this reason. An aspect that is still to be
clarified is the anticipation of the oxidation peak. Normally, this is due to
electrocatalytic effects of the electrode material but in this situation, the electrodes
are made of the same components. The only thingh that could be responsible of this

effect is the exposition of different gold cistallographic faces, that are known from
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the Literature to possess a different electrocatalytic activity”**. Considering all these
facts, the effective dimension of titania nanoparticles in the colloidal sol needs to be
verified and for this reason DLS studies are on-going. Meanwhile, since this effect
seemed interesting on the simple redox probe, also the answer of the same electrodes
towards the analyte Diclofenac was conducted (Figure 4.1.13 (b)). As it can be
noticed, also in this case a change in the signal was obtained, with a more marked
oxidation peak, at lower potential values, instead of a shoulder, for the system
synthesized 15 days after the TiO, sol. The same above-mentioned considerations
could be done also for this case. These results, even if are still to be verified and
supported by other characterization techniques, are promising since the device coul
be synthesized at different times and a size exvlusion effect coul be exploited. In this
way, the device could be appositely designed and created to be extremely selective
toward a particular analyte simply by playing with the size of the particles and

consequently with the size of the pores of the final titania layer on top.

Conclusions

In this part of the Thesis project, a material based on gold nanoparticles, covered by
a top layer of titanium dioxide is at first studied in depth in order to clarify the mutual
influence of one material to the other and then is applied as electroanalytical sensor
for the detection of Diclofenac. Comparing the results with the ones obtained in a
previous work onto a similar material based on silver nanoparticles, it can be claimed
that in this case it is not possible to talk about a real hybrid material, since the
presence of an interface between Au and TiOs is still to be found. In fact, from the
preliminary results gained from the electrochemical characterization of the material,
it seems that gold is not adapting to titania, like silver did, while it retains its own
characteristic being unperturbed in its electrochemical behaviour by the presence of
the top layer of TiO,. By the way, advantages in having gold nanoparticles and

titanium dioxide together in the same system were gained with the final application
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of the device. The presence of AuNPs was exploited in order to detect Diclofenac
and the presence of TiO, was exploited to restore the electrode surface after
processes of fouling and passivation. In this way, a suitable device for on-line, on-site
and continuous monitoring of contaminants in water is created. The aging effect of the
top layer of titania will be also a key factor for the creation of selective sensors with
size exclusion potentialities. The work is still in progress, since the best electroanalytical
technique is still to be found, with the aim of lowering the limit of detection and

increasing the sensitivity of the device, but preliminary results are promising.
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Introduction

According to IUPAC definition (1995), graphene is “a single carbon layer of graphite
structure, describing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi-infinite
size”.! More specifically, it is a two-dimensional matetial based on a honeycomb
structure formed of sp’-hybridized carbon atoms.>* Graphene has attracted
enormous interest over the last decades due to its unique properties: a large surface
area, excellent thermal and electrical conductivities and high mechanical strength.®
Thanks to its properties (superior than that of other carbon allotropes),” graphene
has had a great impact in the field of electrochemistry.” It has a theoretical surface
area of 2630 m* g, overcoming that of graphite (almost 10 m* g), and it is two times
larger than that of carbon nanotubes (1315 m* g")." Additionally, the electrical
conductivity of graphene has been calculated to be almost 64 mS cm™, which is sixty
times more than that of single walled carbon nanotubes.'>'> Moreover, it has a
thermal conductivity of up to 5000 W m™ K™ and a breaking strength of 42 N m™".’
As a consequence, graphene has been used for the fabrication of novel and improved
energy storage and energy production devices, which are of vital importance
considering the increasing demand for greener energy related devices with high
power output and efficiency.”"* Moreover, it is used as sensing and biosensing
platform for the detection of bio-molecules and substances harmful to human health

and to environment.>!>!

Nowadays, graphene can be produced by different synthetic routes. These methods
are mainly subdivided into two categories: fop-down ot bottom-up approaches. Among
the “top down” ones, there is the famous “scotch tape” method, developed by Geim
and Novoselov in 2004, which is basically a dry exfoliation of graphite, in which it
is possible to control the number of graphene layers simply by controlling the
number of repeated peeling steps. This technique, even if it is a cost-effective method
allowing to obtain high-quality single graphene sheets,” suffers from lack of
reproducibility and it is not suitable for large-scale and mass production. Other

approaches in the “top down” category are the chemical and electrochemical
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exfoliation of graphite (in the first one, graphite is dispersed in a water-surfactant
solution'® or in an organic solvent™ and then transformed in monolayer graphene by
the application of ultrasound, while in the second one cathodic or anodic potentials
or currents in aqueous or organic electrolytes to a graphite based working electrode
are applied). Last, but not least, since it is one of the most applied approach, there is
the possibility to synthesized graphene starting form one of its most famous
precursor, that is GO, graphene oxide. This is considered one of the most

inexpensive way to produce graphene”!

and with this technique it is possible to
obtain graphene with a higher amount of structural defects and functional groups,
essential for possible further modifications and advantageous for electrochemical
applications.”” The “bottom up” approaches, on the contrary, involve the use of
small carbon-containing molecules that combine to form the sp>honeycomb

structure. They include: organic synthesis’, epitaxial growth on SiC*, Chemical

Vapour Deposition®, and so on.

The development of graphene in a wide range of applications and fields is a
suggestion of its great potentialities. However, pure graphene sheets are limited for
many applications despite their excellent characteristics.” For example, having a
weak light-absorption, pure graphene sheets are not the perfect candidate for
efficiently collect solar light. Moreover, the capacitance of graphene is limited by the
electronic double layer regime and it is very low, inducing the need of the
introduction of some modification on the bare sheets. In this context, graphene
hybrids and nanocomposites in general are subjected to increasing efforts for

subsequent real applications, from energetics to environmental and sensoristics.

Graphene Nanocomposites: Preparation methods

Over the last decades, many methods have been developed to prepare functionalized
graphene nanocomposites. Each of these techniques presents advantages and

drawbacks as evidenced in the following points::
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a) Non-covalent Interactions

This method represents one of the most commonly involved approach. In general,
non covalent interactions between organic molecules and graphene are the
responsible forces to attach organic species (surfactants and polymers, above all) on
the graphene platform. In this case, the aromatic ligand interacts with the honey-
comb structure of graphene via m—7 stacking, electrostatic or hydrophobic
interactions. Many works report the use of pyrene-based ligands (pyrene-butirric
acid, pyrene-carboxylix acid, aminopyrene and so on) to functionalize graphene and
to obtain soluble solutions, processable and adabtable to the most various
applications.” " Non covalent approach can involve also the functionalization of
graphene with metal ions, to form three-dimensional composites or hydrogels.”>
Moreover, the functionalzation of graphene could also occur via biomolecules such

as nucleotides, peptides and proteins.*

b)  Covalent Methods

As the definition suggests, in this way the graphene platform is modified via covalent
interactions with other molecules. In more details, graphene and graphene oxide can
be bonded to the surface vzz covalent interactions by amide bonding, diazonium salts,

atom transfer radical polymerization or click chemistry.”

¢)  In situ Chemical Electroless Deposition

This method is relative to a direct depostion and functionalization of the graphene
platform, via 7z situ modification. This route is particularly suited for the modification
of graphene with metals, metal oxides and dichalcogenides nano-objects. In general,
it involves a reduction step induced by the addition of selected reducing agents (such

as NaBH,) or, sometimes, a reduction induced and assisted by microwaves.*"*
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d) Hydrothermal and solvothermal growth

With these methods, in general, the precursors are mixed together with graphene or
graphene oxide and then the process is done in an autoclave, with high temperature
and pressure. The high pressure reached during these syntheses permit to obtain
composites where the components are in close contact one to the other, with
eventual covalent connections, to be conveniently applied in various applications.
The solvothermal and hydrothermal methods are, in fact, really versatile and can be
applied to synthesized the most various composites, such as graphene with metal and

alloy nanoparticles,” metal oxides,* metal calchogenides®.

¢) Electrochemical and Electrophoretic deposition

With electrochemical deposition methods, graphene composites (in particular those

based on metals, metal alloys and oxides)**

are synthesized upon the application of
a potential or a current, that induces an electrochemical reaction, normally a

reduction, and a subsequent deposition.

1) Photochemical Reactions

With this approach, the graphene composite is prepared by mixing graphene or
graphene oxide with the precursors under light irradiation, in order to let some

photochemical reactions to occur and to create the final hybrid.*

g)  Physical deposition and mixing

Physical deposition, as the name suggests, is a simple technique based on the
functionalization of graphene via physical vapour deposition or atomic layer
deposition. With these approaches, it is normally preferred having a graphene
structure with defects, since the functionalization preferentially takes place on edge
planes and defects instead of basal planes, typical of a perfect flat graphene layer.”
Physical mixing is again one of the easiest technique to functionalize graphene,

usually based on the mixing of the precursors, spray drying and annealing processes.”'
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h)  Chemical Vapor Deposition (C1'D)

With this already known technique to prepare bare graphene, it is also possible to
prepare functionalized graphene platforms. In this case, graphene is used as a
substrate in the normal CVD process, resulting in graphene heterostructures with

other materials.>

Graphene Nanocomposites: Functionalizations

The functionalization of graphene can occur via different routes, in order to reach
materials with enhanced properties. The modification of graphene is normally done

with:

a)  Molecules: surfactants, proteins, biological matters. The purpose is mainly to
improve the solubility of graphene and in general to change its properties by
an optical, electrical, electronical and bio-related point of view;”

b) Nanoscale objects: nanoparticles, nanowires, nanorods and nanosheets. These
objects can provide peculiar optical and electronic properties to graphene,
which, combined with the outstanding feature of the carbonaceous matrix,
can create a really performant hybrid;”

©) Polymers: they are applied normally, as other molecules, to improve the
solubility of graphene. In general, in such composite, the electrical and
electrochemical performances of the pristine graphene are changed and

enhanced.”

Among the graphene-based materials modified with nanoscale objects, it is of huge
interest the possibility to modify graphene with metal nanoparticles such as Au, Pt,
Pd, Ag and so on. In fact, especially in catalysis and electrocatalysis, noble metal
nanoparticles still possess the best activity. However, their efficiency is relatively low
if they are unsupported onto suitable platform. The possibility to functionalize
graphene with these materials is a way to produce interesting hybrids, exploiting the
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peculiar properties of metals enhancing the ones of the pristine graphene.” Such
composites are interesting also for sensing applications, since they can act as a dual

detection tool.

Aim of the Project

In this part of the Thesis Project, hybrid nanomaterials based on graphene platform
(especially Reduced Graphene Oxide, RGO) modified with gold nanoparticles are
the main subject of the study. Different synthetic routes will be taken into
consideration and the final application of the hybrid materials as electroanalytical
sensors is investigated. In particular, they will be applied in the detection of organic
molecules (dopamine), inorganic ions (arsenic) and biomolecules (antigen H-IgG),

showing the wide range of applications that such materials could embrace.

The peculiar properties of each component of the hybrid will be taken into
consideration, with the general aim to highlight the enhancement of the

performances of the hybrid with respect to the single components.
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5.1 PA-RGO/OLEAM-AulNPs Hybrids

Focus

Over the last decades, gold-decorated graphene hybrids have attracted increasing
attention as electrochemical and bio-electrochemical platforms for sensing and
diagnostic applications. In this part of the Thesis Project, the attention is focused on
the production of an electrochemical device for point-of-care diagnosis through
disease biomarkers detection for biomedical applications, starting from the well-
known dopamine. Dopamine is an important neurotransmitter, which is part of the
catecholamine group, distributed in the mammalian central nervous system for
message transfer. For this reason, it plays a crucial role in brain functions modulation’
and altered level of its concentration are clinical features of neurological disorders,
like Parkinson’s, Alzheimer’s, schizophrenia, depression and addiction.”® Moreover,
dopaminergic neurons were found to be predicting reward signals.” Considering all
these facts, the development of diagnostic tools for monitoring such biomarkers,
providing technically insights into the mechanisms of its formation, changes of its
body quantities and role is a topic of high interest in the scientific community.
Moreover, the possibility to investigate the dynamics of biomarkers like dopamine in
the extracellular space in biological fluids could be useful for preventing and treating
human patho-physiological alterations. In this context, electrochemical (bio)sensors
have seen a huge increment in their use for point-of-care diagnosis of disease,
practically performed in clinical laboratories. This is due to their easiness of
operation, fast response, low detection limits (LOD), excellent selectivity, good
sensitivity and low cost. Moreover, they can be miniaturized and implemented in

portable instrumentations.*"

Here the use of an electrochemical sensor based on a graphene platform (in
particular, reduced graphene oxide (RGO)) functionalized with gold nanoparticles

(AuNPs) is proposed. The powerful properties of graphene in electrochemical and
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chemical (bio)sensors were already discussed in the Introduction of this Chapter 5,
together with the beneficial support from AuNPs for analytical purposes. The
functionalization of graphene platforms could happen in different ways, thanks to
their high chemical reactivity that makes them robust scaffolds for manufacturing
with inorganic nanoparticles. Here a non-covalent functionalization method is
proposed. The aim is to obtain original and highly functional hybrid nanocomposite

materials, exhibiting enhanced properties that the pristine components do not

intrinsically possess. Such routes rely on binding the nanostructures by “soft” n—m
stacking interactions or hydrophobic forces, which do not affect the structural
properties of graphene that are strictly dependent on its sp” carbon atom conjugation
extent." The coordination of organic molecules to the surface of nano-objects can
be exploited to anchor the particles to the graphene sheets, thus conveying to
graphene their unique size and shape dependent properties.'”"* Sometimes,
functional linkers immobilized onto graphene can be essential for chemically binding
the ligands coordinated to the nano-objects surface, or directly for coordinating the

particles surface, leading to their anchoring onto the graphene platform.”

The choice related to the use of gold nanoparticles rises from their demonstrated
effectiveness in chemical and electrochemical (bio)sensors, as also discussed in the
next Paragraph 5.2, 5.3 and the previous Chapter 4. Briefly, they possess intense
and narrow absorption plasmon, they have strong capability in specifically detecting
(bio)molecules (binding them by means of chemical moieties or undergoing surface
redox electrocatalytic processes) and they are characterized by a high rate of
heterogeneous electron transfer kinetics.'® In electrochemical (bio)sensors, in fact,
the hybridization of graphene with AuNPs provides a very large electrochemically
active surface area and effectively accelerates electron transfers between the electrode
and the target molecule, leading to a rapid and sensitive current response.'”'"® Due to
all these interesting properties of nanocomposites formed of graphene and gold
nanoparticles, a great deal is devoted in the last years in the development of advanced

synthetic approaches. The general aim is to improve the control of the szze of the
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nanoparticles immobilized onto the graphene platforms, their dispersion and the

general uniformity of their coating.

An 7n-situ synthesis is here reported as a novel route in order to obtain a hybrid with
enhanced performances with respect to its relative components alone. In this
particular case, gold nanoparticles (AuNPs) are functionalized with an organic ligand,
oleylamine (OLEAM), and the RGO platform is functionalized with amino-pyrene
(PA). Interactions between PA and OLEAM lead to the effective functionalization
of the graphene platform with gold nanoparticles. Amino-pyrene is selected for its
capability to exfoliate the RGO flakes and strongly interact with RGO surface by
T—T interactions. As a result, the RGO flakes serves a high density of NHo sites for
the heteronucleation and growth of oleylamine-functionalized AuNPs. Moreover,
PA linker is essential to channel the charge transfer between the nanoparticles and
the graphene sheets. The hybrid was synthesized by varying several synthetic
conditions, from the gold precursor to the RGO and oleylamine concentrations. A
systematic study of the spectroscopic, morphological and electrochemical properties
of the nanocomposite enabled the elucidation of the mechanism involved in the 7
sitn formation of the nanoparticles onto graphene sheets. As expected, the results
showed that a careful control of the concentrations of gold precursor, OLEAM and
PA lead to a good control over the AuNPs morphology and size distribution. The
synthetic route finally brought to a PA-RGO flakes, coated by a dense and uniform
layout of monodisperse AuNPs of about 10 to 20 nm size, functionalized with
OLEAM ligand that allowed the formation of a multilayer network of nanoparticles.
The hydrophobic forces, which are responsible of the interconnection between the
nanoparticles and the graphene flakes, allow long-term stability of the hybrid in
organic solvents. The colloid is then used to modify Carbon Screen Printed

Electrodes and tested as sensitive platform for dopamine detection.

Focus of this part of the Thesis work is to study in depth the effectiveness of the

synthetic route in the final hybrid electrochemical and electroanalytical

175



5. Graphene-Metal Hybrids

performances. The role played by the capping agent OLEAM is investigated,
together with the size and distribution of the nanoparticles on the graphene platform.
The enhanced performances (from sensitivity to electrocatalytic features) of the
hybrid with respect to its component are highlighted, especially looking at its

electrochemical features and electroanalytical answer towards dopamine.
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Materials and Methods

Chemicals

Commercial Reduced Graphene Oxide (RGO) (1.6 nm flakes) was purchased from
Graphene Supermarket. 1-Aminopyrene (PA, 97%), n-methyl-2-pyrrolidone (NMP,
99%), tetrachloroaurate(Ill) trihydrate (HAuCly X 3H,O, 99.999%), oleylamine
(OLEAM, 70%), toluene and methanol were purchased from Sigma Aldrich.

Exfoliation and functionalization of RGO

Commercial RGO was exfoliated and functionalized with 1-Aminopyrene (PA), by
following an already known procedure” with minor modification, that is by
sonicating a mixture of RGO powder and PA, prepared in a 1:8 molar ratio, in n-
methyl-2-pyrrolidone (NMP). NMP was chosen as solvent, because of its ability to
disperse RGO flakes.” The excess of PA was removed by cycles of centrifugation
and re-dispersion in methanol, until the UV-Vis absorption spectra of the PA-RGO
complex, collected after each washing step, remain unchanged, and until the TEM
images of the dispersion do not show PA crystallites onto the flakes."” Finally, the

purified PA-RGO powder was dispersed in NMP.
Synthesis of the PA-RGO/AuNPs hybrid material

For the preparation of the PA-RGO/AuNPs hybrid nanocomposites, the colloidal
synthesis of amino-coated Au NPs, of Hiramatsu H. et al.*', was followed with minor
modifications. In a typical experiment, a reaction flask was added by 1 - 5 mg of PA-
RGO powder dispersed in 15 mL of toluene, by 5-7.5 mL of OLEAM and 240-340
mg HAuCly X 3H,O in 35 mL of toluene. At first, the reaction flask was heated up
to 110°C under vacuum, and then, the synthesis was allowed to proceed for 5 hours
at this temperature. The obtained PA-RGO/Au NPs hybrid nanocomposite was
purified from the excess of OLEAM, by four cycles of centrifugation at 3000 rpm,
using a non-solvent precipitation procedure, which is carried out by re-dispersing the

pellet in methanol. Finally, the isolated hybrid nanocomposite was dispersed in
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toluene, to achieve optically transparent solutions for spectroscopy and

morphological investigation.

Characterization techniques

178

UV-Vis-NIR absorption spectroscopy was performed to characterize the
PCA-RGO/Au NP hybrid material dispersed in toluene, by using a Cary

Varian 5000 spectrophotometer.

Mid-infrared spectra were acquired with a Varian 670-IR spectrometer
equipped with a DTGS (Deuterated Tryglycine Sulfate) detector, having a
spectral resolution of 4 cm™'. For attenuated total reflection (ATR)
measurements, the used internal reflection element (IRE) was a one-bounce
2 mm diameter diamond microprism. The samples were cast directly on the

upper face of the diamond crystal and the solvent was allowed to evaporate.

Transmission Electron Microscopy (TEM) images of the PA-
RGO/AuNP hybrid flakes were acquired by using a JEOL JEM-1011
microscope, working at an accelerating voltage of 100 kV and equipped with
a high-contrast objective lens, and a W filament as electron source. Under
these conditions, the ultimate point resolution of the microscope was equal
to 0.34 nm. The TEM images were collected by a Gatan SC-1000 Orius
Camera, equipped with a fiber-optical coupled 11 Mp CCD. The samples
were prepared by dipping the 300 mesh amorphous carbon-coated Cu grid
in PA-RGO/Au NP toluene dispersions, and letting the solvent to
evaporate. Size statistical analysis (NP average size and size distribution) of
the samples was performed by means of a freeware Image ] analysis program.
Topography and phase mode Atomic Force Microscopy (AFM)
measurements were performed in air and at room temperature, by means of
a PSIA XE-100 SPM system operating in tapping mode. A silicon Scanning
Probe Microscope (SPM) sensor for noncontact AFM (Park Systems),

having a spring constant of 42 N m™ and a resonance frequency of 330 kHz,
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was used. Micrographs were collected on six distinct areas of the sample,
with a scan size area of 5 pm X 5 um, by sampling the surface at a scan rate
between 1.0-0.5 Hz, and a resolution of 256 X 256 pixels. Topography AFM

images were processed by using the XFEI software to obtain statistical data.
Electrodes Preparation

The colloidal dispersions in toluene of the PA-RGO_AuNPs hybrid samples were
drop casted onto C-SPEs (purchased from Metrohm DropSens) and let them dry in
air at room temperature. The modified electrodes were treated by spin coating a
mixtute of CH;OH/CH3;COOH ot by casting onto the surface a 1 mM solution of
mercaptohexanol, MCH, (97%, Sigma Aldrich, Milano, Italy) and let under
controlled humidity for one hour. The colloidal dispersions composed by only PA-
RGO and only AuNPs were investigated too. In this case, the suspension was left
under stirring for one hour; then, 1.8 pL of the colloid were deposited by drop
casting, using an automatic micropipette (Kartell, Noviglio, Milan, Italy), onto the C-
SPE surface and let them dry in air at room temperature. Apart from RGO and
AuNPs samples alone, also a subsequent deposition of RGO and then AuNPs was
done, by drop casting 1.8 pL. of RGO first and then, when dried, the same amount
of AuNPs colloidal solution. The ligand-exchange procedure with MCH was
performed also on these last modified electrodes (bare AuNPs, RGO and AuNPs

deposited one over the other).
Electrochemical Characterizations

Electrochemical Characterizations by Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS) were performed using a PGStat30 (Metrohm
AutoLab, Utrecht, The Netherlands) equipped with NOVA 2.1 Software (Metrohm
AutoLab, Utrecht, The Netherlands). The experiments were carried out in a
conventional three electrode cell using a Saturated Calomel Electrode (SCE) and a

Platinum wire as reference (RE) and counter (CE) electrodes, respectively. The
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working electrode (WE) was the Carbon Screen Printed Electrode (C-SPE) modified
with the different RGO and AuNDPs colloidal solutions. 0.1 M solution of KCI,
NaClO4 and PBS (Phosphate Buffer, pH 7.4) were used as supporting electrolyte and
K4[Fe(CN)g] as molecular redox probe. Cyclic Voltammetry was performed both on
the background and on a solution of 3 mM redox probe, in the range -0.3 V (SCE)
and +0.7 V (SCE). EIS measurements were conducted at -0.1 V, +0.1 V and +0.25
V (SCE).

Electroanalytical Applications

Electrochemical detection of dopamine was performed using a p-AutolLab III
(Metrohm AutoLab, Uthrecht, The Netherlands), equipped with the NOVA 2.1
Software (Metrohm Autolab, Utrecht, The Netherlands). Differential Pulse
Voltammetry (DPV) was used as electroanalytical technique, scanning the potential
between -0.2 V and +0.6 V (SCE), with a pulse of 5 mV and an amplitude of 50 mV.
Dopamine Hydrochloride (Sigma Aldrich, Milano, Italy) solutions were prepared in
0.1 M PBS (pH 7.4) as supporting electrolyte.

180



5. Graphene-Metal Hybrids

Results and Discussion
Synthesis and Characterization of the PA-RGO/AuNPs Hybrids

Commercial Reduced Graphene Oxide (RGO) powder has been functionalized and
exfoliated with the functional aromatic ligand 1-aminopyrene (PA) by following the
approach reported in " with little modifications. In particular, RGO powder was
dissolved in an n-methyl-2-pyrrolidone (NMP) solution of PA and subjected to
successive cycles of sonication and stirring. Then, purification of the flakes from the
excess of PA was achieved by centrifugation steps. The 1-aminopyrene linker is able
to anchor the RGO flakes through n—7 stacking interactions, opening small gaps at
the graphene sheets edges and penetrating deeper in the graphene multilayers." It is
important to underline that PA is able to preserve the C sp” structure, grafting —NH
groups into the platform. These groups, acting as out-of-plane moieties, keep
separated the RGO sheets preventing their re-stacking and concomitantly they allow

the dispersion of the synthesized PA-RGO sheets in solvents.”

Figure 5.1.1 (a) reports Transmission Electron Microscopy image of the PA-RGO
flakes. The TEM micrograph shows a micro-meter sized sheet-like structure, almost
transparent. The lack of PA crystallites chemisorbed onto the RGO sheets is a proof
of the effectiveness of the centrifugation step of purification previously explained.
Panel (b) and (c) of Figure 5.1.1 report the Atomic Force Microscopy (AFM)
images and cross section profiles (correspondent to the red line in panel (b)) of the
PA-RGO material, from which a sheet-like nanostructure is confirmed to be present,
with a thickness of about 4-6 nm. Considering that the thickness of a single RGO
sheet is more than 1 nm and the interlayer distance between the RGO platform and
PA molecules is between 0.35 and 0.8 nm, it is possible to assert that the arrangment

of the PA-RGO flakes in the hybrid is of single or few-layered sheets **.

The PA-RGO/AuNPs hybrid flakes have been obtained synthesizing OLEAM-
coated AuNPs 77 situ, i.e. in the presence of the PA-RGO flakes. In this process, the

gold precursor (HAuCly X 3H,O) is reduced by the oleylamine agent, which behaves
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also as capping ligand, controlling the synthesis process.”’ Au(IIl) is completely
reduced to Au(0) without the need of addiction of any other reducing agent. In
concomitance, the -NH» moieties of the PA-RGO complex act as heteronucleation,
growth and coordination sites for the AuNPs synthesis. In this way, gold

nanoparticles ate finally anchored to the RGO platform.*

0 1 2 3 4 5
um

Figure 5.1.1: (a) TEM micrograph, (b) AFM topography and (c) Cross sectional line profile taken
on the red line in (b) of the PA-RGO complex.

Figure 5.1.2 reports the Raman spectra

/\/\M of the bare RGO, the PA-RGO and the

AN final PA-RGO/AuNPs hybrid. In the

= = .

——PA-RGO/Au NPs RGO spectra, the typical G and D peaks
R —PA-RGO

o - -ReGO
i

\ 4"
M t‘ T
— ettt el Tl about 1580 cm! and 1340 em’,

1000 1500 2000 2500 3000 respectively, are present. The first one

Raman shift (cm'1)

1Y

of the graphene derivative platform, at

Intensity (a.u.)

refers to the stretching of the C-sp’

Figure 5.1.2: Raman spectra of the bare
RGO, the modified PA-RGO and the final

hybrid PA-RGO/AuNPs. “breathing modes” of C-sp” atoms in the

bonds and the second to the vibrational

182



5. Graphene-Metal Hybrids

hexagonal rings. The D peak is of particular interest, since its intensity gives
information on the structural quality of the carbon lattice.” In this case, in particular,
it could refer to the presence of defects in RGO like ripples, edges or impurities,
including oxygen functionalities (like hydroxyl, epoxy, carbonyl and carboxyl groups)
as well as C heteroatoms and hydrocarbon possibly deriving from the synthetic
conditions for the reduction from GO to RGO.” This defective structure of RGO
sheets is verified again by the low intensity of the 2D peak at around 2700 cm™, and
by the presence of the D+D’ signal below 3000 cm™. Regarding the exfoliated and
functionalized RGO (PA-RGO complex spectrum) there are no significant changes
in the D and G intensities ratio. However, this intensity (D/G) is lowered when
dealing with the final hybrid PA-RGO/AuNPs. This change could be asctibed to a
healing effect played by the OLEAM capping agent during the synthesis of the
AuNPs at 110 °C. The broad background signal in the hybrid flakes spectrum is due

to the typical photoluminescence emission of 1-amynopyrene.”’

Figure 5.1.3: TEM images of the AuNPs grown onto bare RGO (a) and (b) in the surnatant solution
of (a).

The effective role played by the pyrene linker has been verified by a control
experiment in which gold nanoparticles were synthesised in the same way of the final
hybrid, but in the presence of the only RGO sheets, without any pyrene
functionalities on them. TEM images clearly show that in the absence of PA linker,
gold nanoparticles do not grow onto the graphene platform (Figure 5.1.3 (a)). This
experiment and other preliminary studies show that gold nanoparticles do not
heteronucleate onto the bare RGO flakes and, consequently, underlines the crucial

role of the pyrene linker in both the synthesis and then anchoring of AuNPs onto
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the graphene platform. On the contrary, nanoparticles homonucleate when in
solution, in the absence of the PA-RGO flakes, under the control of the OLEAM
capping ligand (Figure 5.1.3 (b)).

In order to have a reliable control onto the synthesis of the PA-RGO/AuNPs hybrid
nanocomposite, the effects of the different synthetic parameters on the
morphological and spectroscopic properties of the nanoparticles have been explored.
The OLEAM:HAuCl, x 3H,O molar ratio together with the PA-RGO:HAuClL x
3H,0 w/w ratio have been varied until the most suitable conditions were achieved.
The optimized process is necessary in order to achieve organic solvent dispersible
hybrid flakes, in which the PA-RGO flakes are densely and uniformly decorated with
AuNPs, that are capped with OLEAM ligand and with a narrow size distribution and
regular morphology.

It was observed that, keeping fixed the concentration of heteronucleation sites (and
so the PA-RGO quantity), the increase in the OLEAM:HAuCls x 3H,O molar ratio
favours the growth of the nanoparticles rather than the heteronucleation, resulting
in AuNDPs larger in size or distributed with a bimodal population. The same happens
when the PA-RGO:HAuCly x 3H,O increase when OLEAM:HAuCl, x 3H,O is kept
fixed, meaning that PA acts as coordinating ligand and its -NH, moieties favour the

growth of the nanoparticles rather than their heteronucleation.

From the morphology investigation, also multilayer of OLEAM-AuNPs were found,
reasonably ascribed to the occurrence of hydrophobic forces between the long alkyl
chain of the amino ligand molecules that are coordinating the AuNPs surface. The
effective presence of OLEAM ligand onto the nanoparticles was verified by
recording IR spectra of the bare OLEAM ligand and of the PA-RGO/OLEAM-
AuNPs final hybrid (Figure 5.1.4). What can be immediately seen from FTIR
spectrum of the hybrid, is that the two signals relative to -NH stretching, which are
located at 3370 cm™ and 3293 cm™ in the case of OLLEAM spectrum, are absent. On
the contrary, bands relative to the alkyl groups of OLEAM (the peak relative to the
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asymmetric stretching of —CHs, at 2962 cm™ and the two peaks relative to the
asymmetric and symmetric stretching of —CH, at 2922 cm and 2852 cm’,
respectively) are visible. The -C=C- stretching of the bare OLEAM molecule, at 3005
cm™ and 1657 cm™ are absent when the ligand is bound to AuNPs to form the hybrid.
Other differences in the two spectra can be found in the low wavenumber region,
where the typical bending of the neat OLEAM, at 1613 cm™, is absent in the hybrid,
like the symmetric bending signals of -CH, and -CHj3 (at 1467 cm™ and 1378 cm,
respectively). In the hybrid, and so when OLEAM is coordinated to AuNPs, the —
C-N- stretching vibrations signals are at 1259 cm™, 1084 cm™ and 1015 cm’, instead
of the single signal at 1071 cm™ in the case of the bare ligand. At 795 cm™ the -NH
bending is evident in the spectrum of the hybrid, while the same band is at 792 cm™

in the spectrum of OLEAM.
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Figure 5.1.4: FTIR-ATR spectra of the OLEAM ligand alone (a) and PA-RGO/OLEAM-AuNPs
(b) flakes.

In general, it can be claimed that the functionalization of the nanoparticles with the
OLEAM ligand is effective and leads to a new and different material with respect to

the starting components, as already evidenced by the morphological characterization.
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The coordination of the organic ligand, oleylamine, onto the surface of gold
nanoparticles allows to disperse the hybrid flakes into organic solvents, giving a

colloidal solution that results stable in time over several months.

PA-RGO/AuNPs Hybrids: understanding the role of each component

Two of the different hybrid materials previously synthesized have been used to
modify the electrode platforms, ze. Carbon Screen Printed Eletrodes. The two
hybrids differ in the mean nanoparticles size, that are about 12 nm and 19 nm,
hereafter named as “Au2” and “Au3”. Here the study of the materials is done in
order to understand how the different properties of the hybrids reflect in different
electrochemical and electroanalytical performances. At first, the effect of
morphology and size of the nanoparticles is considered; then, the effect played by
the presence or the absence of the OLEAM capping agent is investigated. In fact,
since oleylamine is composed by a long carbonaceous chain (see Figure 5.1.5 (a)),
this ligand may affect the performance of the electrode, covering gold nanoparticles

and leaving them less available to react with the target analyte.

(@) " (b)

HS

Figure 5.1.5. Chemical structure of oleylamine (OLEAM) (a) and 6-mercapto-1-hexanol (MCH) (b).

In order to explore this fact, the electrodes were treated in several ways after their
modification (via drop casting of the colloidal solutions, as previously reported in the
“Materials and Methods” Paragraph of this Chapter 5.1). In more details, they were

used as they were after the casting or they were subjected to:
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a) Spin coating procedure with a mixture of MeOH/CH;COOH
b) Casting of a solution of 1 mM 6-mercapto-1-hexanol (MCH) (see Figure
5.1.5 (b)).

The first treatment, by spin-coating of a mixture of ligand molecules onto colloidal
nanoctystals/nanopatrticles (NC/NP) films, is a procedure typically petformed to
enhance the electron conductivity of the NC/NP films integrated in optoelectronic
devices as photodectectors, sensors and photovoltaic cells.”® Here, in particular, the
treatment of the Au NP film by spin-coating a mixtute of acetic acid/methanol was
performed to displace at the surface of the Au NPs the pristine insulating long alkyl
chain oleylamine ligand with short chain acetate ions. In this way, the interparticles
charge transfers and the charge transfers at the interphase electrode/electrolyte
solution was expected to be improved, resulting in an enhancement of the electron
conductivity of the PCA-RGO/Au NP based electrodes.” The second treatment,
instead, regards a ligand-exchange procedure which leaves AuNPs coated with the

new MCH ligand.

Figure 5.1.6 (a) reports the typical surface morphology, obtained with Scanning
Electron Microscopy measures, of the bare C-SPEs. Figure 5.1.6 (b), instead, shows
the surface of the electrode after the modification with the colloidal solution (in
toluene) of the PA-RGO/AuNPs hybrid. What it can be observed is that the
modified electrode (Figure 5.1.6 (b) presents a high nanoporous surface area, due
to the bright contrast spherical in shape nanostructures, reasonably ascribed to the
presence of AuNPs. After treatment of the hybrid modified C-SPEs surface by spin-
coating the mixture of CH;OH/CH;COOH, a partial aggregation of the Au
nanostructures (Figure 5.1.6 (c)) can be observed. Such aggregation effect
drastically increases after casting onto the modified electrode surface the solution of
mercaptohexanol (MCH) (Figure 5.1.6 (d)). The high affinity of -SH groups for
gold nanoparticles could be responsible, in this case, also of the breaking of the ligand

between the NH, moieties of PA and AuNPs, leading to an effective aggregation of
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AuNPs, with the detachment from the graphene platform and the effective

detriment of the hybrid structure.

Figure 5.1.6. SEM micrographs of C-SPEs, as bare (a) and modified with the hybrid solution, before
(b) and after spin-coating a CH;OH/CH3COOH mixture (c) and after casting MCH (d).

As previously mentioned, the effect played by the different dimensions of gold
nanoparticles is at first investigated. Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS) measurements on different modified electrodes have
been recorded and their relative behavior is compared. In this part of the
characterization data, the electrochemical results shown are all conducted in a
solution of Phosphate Buffer (PBS) at a pH value of 7.4, since it represents the most
suitable electrolyte solution for the final application in the detection of dopamine. In
the next Paragraph, all the other electrochemical characterizations, conducted in

different supporting electrolytes and conditions, are deeply discussed.
In the next graphs, the electrodes will be named as follow:

- RGO_Au2_OLEAM: represent the C-SPE modified with the hybrid

solution with AuNPs of mean size equal to 12 nm. No further treatments are
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done on this electrode. The “_OLEAM?”, in fact, represent the idea that the
ligand is already present onto the AuNPs surface,

RGO_Au3_OLEAM: system analogous to the previous one, with the only
difference that the AuNPs are bigger, with a mean size of 19 nm,
RGO_Au2: it represents the electrode in which the treatment with spin
coating of the mixture of MeOH/CH3;COOH is done and the OLEAM
ligand is removed. Gold nanoparticles are here the “Au2” (12 nm),
RGO_Au3: analogous to the previous system RGO_Au2, with the
difference in the gold nanoparticles size, here about 19 nm,
RGO_Au2_MCH: hybrid with the smaller nanoparticles deposited onto the
C-SPE support and then subjected to the ligand exchange procedure with
MCH,
RGO_Au3_MCH: analogous to the previous modified electrode, but with
the bigger nanoparticles “Au3”,

RGO: the only PA-RGO colloidal solution, without any modification with
gold nanoparticles,

Au2_OLEAM: the only gold nanoparticles solution, in which the size is the
same of the “Au2” in the hybrid. The nanoparticles, in order to be stable in
time in the organic solvent, are functionalized with the OLEAM ligand,
RGO,Au2_OLEAM: system in which the electrode is modified with two
subsequent depositions, the first one of the “RGO” solution and the second
of the only “Au2_OLEAM” one. This system represents a layer-by-layer

creation of the composite, instead of the 7z situ synthesis of the hybrid.

Cyclic Voltammetry of different modified electrodes is shown in Figure 5.1.8 (a).

At a first glance, it can be noticed how the two samples treated with MCH behave

differently from the others. In particular, the total capacitive current is drastically

increased and the signals relative to oxidation and reduction of gold are more visible,

but with a shape different from the typical one (see Figure 5.1.7).
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105 Moreover, in the cathodic region it can

a2 be observed the presence of two

reduction peaks, both shifted at more

w
[

g negative potentials than the one of the

<

= o other samples, at ca. +0.4 V (SCE). This
35 aspect could be ascribed to the presence

of AuNPs aggregates of different
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dimensions. So far, the general trend of
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EvsSCE/V these two hybrids let us suppose that the

Figure 5.1.7: CV pattern of a bulk gold

i surface of the electrode is drastically
electrode in 0.1 M NaOH

modified by the ligand exchange
procedure: the nanoparticles are not well distributed on the surface, as confirmed by
the SEM images of the electrode morphology in Figure 5.1.6 (d), where aggregation
phenomena are clearly visible. Looking at the inset of Figure 5.1.8 (a), particularly
focusing on the cathodic peaks, it can be noticed how the hybrids in which no
treatments have been done (RGO_Au2_ OLEAM and RGO_Au3_OLEAM)
behave basically in the same way. Both the peak positions and the density current
values are quite similar for the samples with two different dimensions of gold
nanoparticles (“Au2”, 12 nm and “Au3”, 19nm). On the contrary, in the case of the
hybrids that have been treated by spin coating the mixture of methanol and acetic
acid (RGO_Au2 and RGO_Au3) more appreciable differences in peak positions
and density current values can be noticed. It means that without the oleylamine
capping agent it is possible to obtain a different electrochemical response by tuning

the nanoparticles size.

These considerations are confirmed also by the Electrochemical Impedance
Spectroscopy results. Figure 5.1.8 (b) shows Bode plots recorded on the
background solution (PBS, 0.1 M) at +0.25 V for the different hybrid materials. In
an analogous way from the CVs, the two samples treated with MCH are totally
different from the others, in which more differences can be appreciated in the
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samples composed by AuNPs of different dimensions, after the spin coating

treatment (RGO_Au2 and RGO_Au3).

Figure 5.1.9 (a) and (b) report the analogous CV and EIS plots of the other
electrodes under investigation: only RGO, only AuNPs (Au2_OLEAM and
Au2_MCH) and subsequent depositions of RGO and AuNPs before and after the
MCH (RGO,Au2_OLEAM and

ligand with

RGO,Au2_MCH).

exchange  procedure
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Figure 5.1.8: (a) Cyclic Voltammetry of the hybrid materials recorded in 0.1 M PBS as supporting
electrolyte, At 100 mV sl. In the inset, CVs without the ones treated with MCH, zoomed in the
reduction region of gold. (b) Bode plots recorded in 0.1 M PBS at +0.25 V.

4.0
(a) Au2_OLEAM (b) 804 : iug,ﬁdléiAM
359 ——Au2_MCH [ugmemnnspIsaty, u2_;
——RGO.Au2_OLEAM %—ﬁ!*ﬂ**t‘t* B * RGO,Au2 OLEAM
3.0 RGO.Au2_MCH 0407 5 RGO.Au2 MCH
———RGO 1 » ‘% Eh " RGO
-60 ‘-. * "k
j | * b
o« . *
g =504 \ * \
< L] \ »
é S 404 9 A
= < \ *
= 1 N \ .
' -30 * m
1 \ **lb
20 \ oy
1 L] i\’(-,
[ ] *ly
-10+4 % E
L5 4— T T T T T T T T T 0 B " T T T N
04 -02 00 02 04 06 08 10 12 14 10 10 10 10° 10 10
EvsSCE/V S/ Hz

Figure 5.1.9: (a) Cyclic Voltammetry of the hybrid materials recorded in 0.1 M PBS as supporting
electrolyte, At 100 mV s! (b) Bode plots recorded in 0.1 M PBS at +0.25 V.
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Also in these cases, the samples treated with MCH are drastically different from the
others. In the case of the “RGO,AulNPs” materials, in which the AuNDPs are casted
on graphene and not grown 7 situ on the platform, as happens for the hybrids, it is
clearly visible how the answer is basically equal to the only AuNPs ones. This fact
means that the synthetic procedure is essential in order to achieve a real hybrid. It is
not sufficient just casting one layer over the other, but it is fundamental that gold
nanoparticles grow onto the PA-RGO sheets, assisted by the OLEAM reducing and
capping agent. In fact, the answer of the layer-by-layer modified electrode is equal to
the one of only gold, meaning that the effect played by the RGO platform is

completely lost and hide.

Cyclic Voltammetry and Electrochemical Impedance Spectroscopy were performed
also in the presence of 3 mM of K4[Fe(CN)¢] as molecular redox probe (see Figure
5.1.10 (a) and (b)). As already observed in the case of the analysis performed on the
background, also in this case the answer of the electrode treated with MCH are the
most different from the others. There is a general increase in the capacitive current,
but also the reaction towards the oxidation and reduction of the redox probe is
changed, as evident by the shape of the voltammetric curves (more similar to a step
than a peak). In the cases of the hybrid treated with CH;OH and CH;COOH and
without any treatment, the differences among them follow the trend observed in the
background, but in a more appreciable way. The treated hybrids (RGO_Au2 and
RGO_Au3), the ones in which the AuNPs are free from the OLEAM ligand, show
CV and EIS that differ one from the other, in terms of potential peak position,
density current and frequency shifts. These differences are not appreciable in the
case of the hybrid that are not treated and so the ones that retains the oleylamine
ligand. It is reasonable to think that the long aromatic chain of the capping agent act
as a partial coverage and suppress the peculiar electrochemical properties of
nanoparticles of different dimensions, showing them like they have all the same

characteristics.

192



5. Graphene-Metal Hybrids

=70

—— RGO Al B RGO_AWZ
(a) 2.0 RGO A3 (b) ® RGO_Au
s RGO_Au2_OLEAM 0 RGO_Au2_OLEAM
77 ——RGO_Au3_OLEAM v ¥ RGO _Au3_OLEAM
RGO_Au2_MCH RGO_Au2_MCH
1.09 —RGO_Au3_ MCH " RGO_Au3_MCH
504
0.5
i~
g o004 40
< ° \
£ 0.5 - b .
— N
= T 30
= -1.04 \
1.5 204 y
2.0
-10 4
254
2 0o 02 o us
EvsSCE/V
3.0 T T 0

T T T T T T T T
0.2 0.0 0.2 0.4 0.6 10" 10" 10' 10° 10° 10
EvsSCE/V JfiHz

Figure 5.1.10: (a) Cyclic Voltammetry of the hybrid materials recorded in 0.1 M PBS as supporting
electrolyte, at 100 mV s, in the presence of 3mM of K4[Fe(CN)e|. In the inset, CVs without the ones
treated with MCH. (b) Bode plots recorded at +0.25 V.

For what concern the other material under investigation, as a comparison with the
experiments done on the background, CV and EIS of the single RGO, of the only
AuNPs and of the two solutions casted one over the other, before and after the
ligand exchange procedure, are reported in Figure 5.1.11 () and (b). Also in this
case, analogous to the background situation, the materials which are modified with
MCH treatment show the highest capacitive current. It can be observed that in all
the gold-containing samples, the reaction of the probe occurs at potential values
closer to zero with respect to the only RGO platform. This effect could be ascribed
to the intrinsic electrocatalytic activity played by gold nanoparticles as electroactive
material. For what concern the materials treated with 6-mercapto-1-hexanol, a higher
capacitive current is reflecting in an overall high activity, even if the Faradaic
contribution is higher for the materials with the OLEAM ligand. The aggregation
phenomena are, also in this case, detrimental for the final electrochemical response
of the electrode material. From the impedance spectra (Bode Plots) the different
behaviors of the MCH-treated materials are again more evident, since the maximum
of the phase angle is registered at frequency values much lower than the other
materials (Figure 5.1.11 (b)). From the electrochemical results, it is clear how the
treatment to remove or change the capping agent of AuNPs affects the performances

of the systems. In particular, the ligand exchange procedure with MCH is not
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beneficial, since it creates on the surface of the electrode big aggregates of
nanoparticles, with uncontrollable dimensions (for sure much more than 12 nm or
19 nm, typical of the samples “Au2” and “Au3”, respectively). This aspect reflects in
a completely different morphology of the system and also results in a change of the
redox levels of the AuNPs anchored on RGO.”! On the contrary, the spin-coating
treatment is beneficial. In fact, without the oleylamine capping agent, it is possible to
see differences between the two samples characterized by different AuNPs
dimensions, meaning that the nanoparticles are less hindered and maybe more active
for further electroanalytical applications. These differences are not clear when the
hybrids are used as they are, without any treatment, because oleylamine, made of a
long aromatic chain, could hide the fine differences between the AuNPs dimensions
and make the two hybrids as “globally” equal. Another interesting aspect is the
similar behavior of the only AuNPs systems and the related layer-by-layer modified
electrodes, in which the RGO solution is deposited before the AuNPs one. In this
case, a complete coverage of the graphene platform with AuNPs could be present
and no enhanced performances with respect to the single components, as observed
for the hybrid, are verified. This means that it is important to follow the particular
synthetic procedure in order to achieve a suitable functionalization of RGO with

AuNPs, also allowing a controlled distribution.
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Figure 5.1.11: (a) Cyclic Voltammetry of the hybrid materials recorded in 0.1 M PBS as supporting
electrolyte, at 100 mV s, in the presence of 3 mM K4[Fe(CN)g] (b) Bode plots recorded at +0.25 V.
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Electrochemical Application of the PA-RGO/AuNPs Modified Electrodes in

the detection of dopamine

The different modified electrode systems previously characterized were tested as
electrochemical sensors for the detection of dopamine. Figure 5.1.12 resumes
experiments conducted on different modified C-SPEs in which it is possible to clarify
and understand how the various parameters that can change in the hybrids structure
effectively reflect in different electroanalytical performances. In particular, the role
of the capping agent, of the dimension of the gold nanoparticles and the way in
which these nano-objects are grown onto the graphene platform are kept into
consideration and analyzed separately. In Figure 5.1.12 (a), (b), and (c) the different
electrodes are in the presence of an equal concentration of dopamine, namely 10°

M, in PBS (at a pH value of 7.4) as supporting electrolyte.

Figure 5.1.12 (a) clearly shows the effect of the AuNPs ligand on the
electroanalytical performances of the device. In fact, hybrid materials with AuNPs
of the same dimensions (in this case, the “Au3” sample, of 19 nm mean size) without
ligand (RGO_Au3), with oleylamine (RGO_Au3_OLEAM) and with
mercapthoexanol (RGO_Au3_MCH) as capping agents, respectively, are
compared. The RGO_Au3_MCH system is not able to detect dopamine in a
comparable way to the other two systems. Among these two, the electrode treated
by spin coating and so without the oleylamine capping agent, has a response higher
than the one without treatment. It is clear how the presence of the ligand is hiding
the electrochemical activity of AuNPs and RGO towards dopamine. It is important
to have naked nanoparticles free from the capping agent in order to have them more
available to react with the target analyte. Figure 5.1.12 (b) shows the importance of
having a real hybrid instead of a simple layer-by-layer deposition of the two materials
(eraphene and gold nanoparticles). The hybrid treated with CH;OH/CH;COOH
(RGO_Au2) is compared with the non-treated hybrid (RGO_Au2_OLEAM) and

with the corresponding counterparts, that are only AuNPs (of the same dimensions
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and synthesized in the same way as the hybrid, so in the presence of the reducing
and oleylamine capping agent, Au2_OLEAM) and only PA-RGO platform (RGO).
It can be observed that RGO alone is active towards the analyte, in accordance to

what is already evidenced in the literature,””

and also gold nanoparticles alone have
a response when they are in the presence of dopamine. By the way, the signal,
keeping in mind that the concentration of the analyte is the same for all the different
experiments, is lower for AuNPs than RGO. This could be related to the insulating
effect played by the presence of the long aromatic chain of the oleylamine ligand.
The presence of this effect is confirmed also by the decreased signal in the case of
RGO,Au2 system, with respect to the RGO one, like the second layer of AuNPs is
hiding the response of RGO towards the analyte. The same decreased signal is
observed comparing the hybrid RGO_Au2 OLEAM with the overlayered
RGO,Au2_OLEAM. This observation confirms the importance of having a hybrid
following the novel synthetic procedure here reported, in which the nanoparticles
are grown zn sitn on the RGO platform. Moreover, the dramatic increase in the
performances of the system obtained when the nanoparticles are free from the ligand
deserves a particular explanation. It could be that the novel synthetic procedure
ensures the obtainment of an optimal distribution of gold nanoparticles on the
graphene platform and then the treatment to remove the oleylamine ligand allows to
exploit the electroanalytical performances of both the components of the systems,
with synergistic effects. These effects reflect in performances for the treated hybrid

that are much better than the correspondent single components.

A deeper investigation is done in order to recognize the best electrode in general.
Figure 5.1.12 (c) shows how the dimensions of the nanoparticles affect the
electroanalytical response: the smaller, the better. Considering all these facts, the best
system for the detection of the neurotransmitter resulted to be the hybrid with the
smaller size of nanoparticles and treated by spin coating the mixture of methanol and
acetic acid (RGO_Au2). With this system, several experiments were conducted and
the concentration of the target analyte was lowered gradually, until the lowest LOD
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was achieved. Figure 5.1.12 (d) reports the response of the electrode in a solution
with dopamine in a really low concentration (from 2 to 20 ppb), with the relative
calibration curve in the inset. A final LOD of 3.3 ppb was reached, in accordance

with the benchmarck of the Literature for this molecule and even better than the
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Figure 5.1.12: (a) Differential Pulse Voltammetry of the hybrid materials with different capping agent
for AuNPs, (b) DPV of the hybrids compared with the single counterparts, (c) DPV of hybrid with
different sizes of AuNPs, recorded in 0.1 M PBS, in the presence of 10> M Dopamine. (d) Response
of the RGO_Au2 hybrid towards successive additions of dopamine in the range 2-20 ppb, with DPV
analysis recorded in 0.1 M PBS.
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It can be noticed that the “RGO_Au2” hybrid is the only one in which a double
signal is present towards dopamine: a first one, more intense at high concentration
of the analyte, at about +0.1 V (SCE), and a second one at about +0.4 V (SCE). It
was found (Figure 5.1.12 (d)) that the second peak is more sensitive when lowering

the concentration of dopamine and it was then utilized to build the calibration curve.

Electrochemical Characterizations of the PA-RGO/AulNPs Modified

Electrodes

In order to understand deeply all the differences among the materials investigated,
all the modifies electrodes were subjected to a deep electrochemical characterization,
by Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS),

as previously explained in “Materials and Methods” section of this Chapter.

Briefly, all the materials were studied in three different supporting electrolyte
solutions (NaClO,, KCI and PBS), at a concentration of 0.1 M, in the absence and in
the presence of the redox probe Ky[Fe(CN)g]. The reason of the choice of such a
molecule is that it is already known to be an inner-sphere redox probe, towards
carbonaceous supports.’*™* It means that the molecule is sensitive not only to the
electronic density of state of the electrode, but it is affected also by the electrode
surface structure, also in terms of morphology. In this way, by studying the
electrochemical answer of the probe toward a particular electrode it is possible to
gain information and make suggestions onto the structure of the electrode surface,

particularly interesting when dealing with graphene-based materials.

From the previous study, the best hybrid was found to be the “RGO_Au2” one. It
was underlined at first how the ligand exchange procedure with MCH was
detrimental and how, on the contrary, the performances after the treatment with spin
coating are drastically enhanced. Moreover, the layer-by-layer deposition did not

result in a better system. In conclusion, the key point in order to obtain the best
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device was highlighted to be the presence or the absence of the OLEAM ligand . For
this reason, comparison in the electrochemical characterization of the hybrids with

the different AuNPs capping agent will be here discussed.

For each of the above-mentioned supporting electrolyte solutions, Cyclic
Voltammetry on the background and in the presence of 3 mM of the redox probe
was registered. In the presence of the probe, the scan rate was varied in the range 10
— 500 mV s, in order to verify the dependency of the peak current with the voltage
scan rate, to verify or not the Randles-Sevcik behavior (see Chapter 2 and Chapter
8 for more details) and understand if the system is in electrochemical reversible or
irreversible conditions. In more details, the voltage scan rate was varied in the

following way: 100, 200, 300, 400, 500, 100, 50, 20, 10, 100 mV s™. Three scans at

08 100 mV s were repeated, in order to see

061 _22?04 it the system undergoes some

054 T PBS modifications after being stressed with
~ high and low voltage scan rates. EIS
g o spectra were recorded on the background
i :Z and after the redox probe addition at three
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051 Vand +0.25 V (SCE).
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Figure 5.1.13: CV at 100 mV s of the oftamimetrics of the hybt —Au
RGO_Au2 hybrid in the presence of 3mM in the presence of 3 mM potassium

Ki[Fe(CN)q] in three different electrolytes.

ferrocyanide in three different electrolytes,
at 100 mV s is reported. The most defined peak is registered with KCI, showing
also one of the most electrochemically reversible behavior. An intermediate behavior
is observed when NaClOy is used, while in case of PBS a shift of the oxidation and

reduction peaks in terms of potential values is reported. This result could be ascribed

to the presence of some absorption phenomena between the graphene platform and
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the phosphate counter ion in the electrolyte solution, which could hinder a bit the
reaction of the probe. By the way, the results gained from the characterization (See
Figures 5.1.14 and 5.1.15) are not so different, giving the confidentiality to work
later on in PBS. In fact, keeping in mind that the final application of the device is the
detection of dopamine, a neutral and physiological pH value should be maintained
over the experiments. Both KCI and NaClO, are a bit acidic (pH around 5.5), while
PBS is synthesized and controlled at pH 7.4. Moreover, potassium ferrocyanide is
used with the particular intention to highlight also the little differences that may be
present among the experimental proofs, differences that could be not so relavant

when dopamine is determined, since this molecule is not an zner-sphere probe as

Ku[Fe(CN).

From the electrochemical characterization (RGO_Au2 as example, again), it was
found that current intensities of the anodic peak, relative to the oxidation of the
probe, are linearly dependent to the square root of the scan rate in all the three
electrolytes (Figure 5.1.14 (a), (b), and (c)), meaning that no probe adsorption

phenomena are occurring at the electrode.
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Figure 5.1.14: Linear Dependency of the intensity current values (of the anodic peak relative to
K4[Fe(CN)g] oxidation) with the square root of the voltage scan rate for the hybrid “RGO_Au2” in
KCI (a), NaClOy4 (b) and PBS (c).

In order to verify the Randles-Sevcik equation (see Chapter 2 and 8) and to
understand if the electrochemical process is controlled by planar diffusion towards
the electrode or not, also the /g-log graphs were analysed and reported in Figure

5.1.15. The values of the slope (o) of the three curves close to the ideal 0.5 value,
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typical of planar diffusion mechanism, in the case of KCI electrolyte (sece Table

5.1.1). Passing to NaClO, and PBS, this value is more distant from the ideal one,

meaning that other diffusional mechanism are occurring.
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Figure 5.1.15: log(7,) s log(») graph for the hybrid “RGO_Au2” in KCI (a), NaClOy (b) and PBS (c).

Table 5.1.1: o values deriving from the slope of the log-log graphs in Figure 5.1.15.

Electrolyte o
KC1 (0.448 + 0.008)
NaClO4 (0.391 £ 0.008)
PBS 0.41 + 0.02)

Since the results with PBS are not so different from the other two electrolytes, the

following comparisons between the hybrids will be done considering the results in

PBS (Table 5.1.2).

Table 5.1.2: Values derived from the electrochemical characterization (CV) of the different hybrid

materials in PBS. Effect of the scan rate on different parameters.

Hybl'id ivs V05 a AE Vs log(p) (EP _EP/Z)
dependency (log(d) vs dependency vs log(v)
log(v) slope) dependency
RGO_Au2 Linear (0.41 £ 0.02) Variable Variable
(0.1 V s: 157 mV)
RGO_Au3 Linear (0.40 + 0.01) Variable Variable
(0.1V s1: 162 mV)
RGO_Au2_OLEAM Linear (0.41 + 0.01) Variable Variable
(0.1V s1: 201 mV)
RGO_Au3_OLEAM Linear (0.394 + Variable Variable
0.007) 0.1V s1: 221 mV)
RGO_Au2_MCH Linear (0.30 £ 0.04) Variable Variable
(0.1V s1: 186 mV)
RGO_Au3_MCH Linear (0.24 £ 0.04) Variable Variable
0.1V s: 176 mV)
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From the values reported in Table 5.1.2, it is evident how the dependency of the
intensity current of the anodic peak of Ky[Fe(CN)¢| with the square root of the
voltage scan rate is linear. This behaviour could be addressed both to reversible and

irreversible reactions. For this reason, the dependency of the peak-to-peak separation

(AE = difference between the potential values of the anodic and cathodic peaks)
with the logarithm of the voltage scan rate is analysed. In the same way, the trend of
the wave shape of the forward peak (E, — E,/> = difference in potential between the
voltage corresponding to the peak current, E,, and the one corresponding to half the
peak current) us the logarithm of the scan rate is considered. In a reversible
mechanism, these two parameters should be independent with the scan rate. Here, it
is reported how in all cases there is a correlation and a variation with the voltage scan
rate. It means that in all cases the mechanism is going towards a situation of
electrochemical irreversibility, the peaks are broader and lower with respect to a
perfect reversible situation. For a comparison, the AE value for all the hybrids
recorded at 0.1 V's™ is reported in brackets. It can be seen that the lowest value (157
mV) is present for the hybrid RGO_Au2 and so this is the system which shows the
best electrochemical reversibility. Moreover, the value of E, — E,/. is different from
the ideal 57 mV (for a monoelectronic reaction). It is interesting to notice that the
slope of the /og-log graph, a, is far from the 0.5 value (ideal for planar diffusion
control) especially in the case of the hybrid treated with the ligand exchange
procedure with MCH, confirming once more the detrimental effect of this treatment
on the electrochemical performance of the device. The same systems were analysed
by Electrochemical Impedance Spectroscopy, both on the background and in the
presence of 3 mM of the redox probe Ky[Fe(CN)g]. Results from the comparison
among the hybrids, in PBS, at +0.25 V are reported (Figure 5.1.16 (a) and (b) for
the background and Figure 5.1.18 (a) and (b) with the probe). The equivalent
circuits, reported in Figure 5.1.17 and 5.1.19 were obtained by using the ZView 3.2

software.
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Figure 5.1.16: (a) Complex Plane plot at +0.25 V of the hybrid materials recorded in 0.1 M PBS as
supporting electrolyte. (b) Analogous Bode plots recorded at +0.25 V.

(@

(®)

Figure 5.1.17 Equivalent circuits for (a) RGO_Au2, RGO_Au3, RGO_Au2_OLEAM and
RGO_Au3_OLEAM hybrids and (b) RGO_Au2_MCH and RGO_Au3_MCH, at +0.25 Vin 0.1 M
PBS. Ra = cell resistance, CPEx = material capacitance (Constant Phase Element), Ry = material
resistance, CPEa, = capacitance related to AuNPs covered by MCH (Constant Phase Element), Rau
= resistance related to AuNPs covered by MCH, CPE. = capacitance related to the carbonaceous
support (Constant Phase Element), R. = resistance related to the carbonaceous support. Colors of the
squares around the circuits are related to the colors of the lines and dots in the ELS spectra.
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Figure 5.1.18: (a) Complex Plane Plots, at +0.25 V of the hybrid materials recorded in 0.1 M PBS +
3mM Ky[Fe(CN)s. (b) Analogous Bode plots recorded at +0.25 V.
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Figure 5.1.19: Equivalent circuits for (a) RGO_Au2, RGO_Au3, RGO_Au2_OLEAM and
RGO_Au3_OLEAM hybrids and (b) RGO_Au2_MCH and RGO_Au3_MCH, at +0.25 Vin 0.1 M
PBS + 3mM Ky[Fe(CN)¢]. Ra = cell resistance, CPEq1 = double layer capacitance (Constant Phase
Element), Re = charge transfer resistance, Z = Warburg resistance, CPEa, = capacitance related to
AuNPs covered by MCH (Constant Phase Element), Ray = resistance related to AuNPs covered by
MCH, CPE. = capacitance related to the carbonaceous support (Constant Phase Element), R. =
resistance related to the carbonaceous support. Colors of the squares around the circuits are related to the colors
of the lines and dots in the EIS spectra.

Since from EIS results it may be possible to gain information about the structural
insight of the electrode platform, a look also at the bare RGO and bare AuNPs,
together with the layer-by-layer relative deposition was given with this technique. In
fact, the possible instauration of additional circuits could be responsible for the
instauration of a real link between the components of the hybrid. On the other hand,
same behavior of the composite and of the single component could be related to the
absence of any relations between the materials. Results in the absence and in the
presence of the redox probe, at +0.25 V (SCE) are shown in Figure 5.1.20 and
5.1.22, respectively. The related equivalent circuits are reported in Figure 5.1.21 and

5.1.23.

The results obtained from the EIS spectra fitting are listed in Table 5.1.3 and 5.1.4,
distinguishing the ones with the treatment with MCH from all the other materials.
In fact, since the equivalent circuits for those systems are different, also the physical
parameters associated need to be defined in a different way. In particular, for the first
circuit the parameters will be defined as contribution from Au and so they will be
listed as CPEa4, and Ra,, for the second circuit the contributes will be addressed to

the carbonaceous support and so they will be listed as CPE. and R..
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Figure 5.1.20: (a) Complex Plane plot at +0.25 V of the RGO, Au and (RGO, Au) materials recorded
in 0.1 M PBS as supporting electrolyte. (b) Analogous Bode plots recorded at +0.25 V.
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Figure 5.1.21 Equivalent circuits for (a) RGO, and RGO,Au2_OLEAM (b) Au2_OLEAM and (c)
Au2_MCH and RGO,Au2_MCH at +0.25 V in 0.1 M PBS. Ra = cell resistance, CPE,, = material
capacitance (Constant Phase Element), Ry = material resistance, CPEa, = capacitance related to
AuNPs covered by MCH (Constant Phase Element), Rau = resistance related to AuNPs covered by
MCH, CPE. = capacitance related to the carbonaceous support (Constant Phase Element), R. =
resistance related to the carbonaceous support. Colors of the squares around the circuits are related to the colors

of the lines and dots in the EIS spectra.
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Figure 5.1.22: (a) Complex Plane Plots, at +0.25 V of the RGO, Au and (RGO, Au) materials
recorded in 0.1 M PBS + 3mM K4[Fe(CN)e. (b) Analogous Bode plots recorded at +0.25 V.
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Figure 5.1.23 Equivalent circuits for (a) RGO (b) Au2_OLEAM and RGO,Au2_OLEAM and (c)
Au2_MCH and RGO,Au2_MCH at +0.25 V in 0.1 M PBS + 3mM K4[Fe(CN)g¢]. Ra = cell resistance,
CPE,, = material capacitance (Constant Phase Element), Rn = material resistance, CPEq = double
layer capacitance (Constant Phase Element), Re = charge transfer resistance, Zy = Warburg
resistance, CPEa, = capacitance related to AuNPs covered by MCH (Constant Phase Element), Rau
= resistance related to AuNPs covered by MCH, CPE. = capacitance related to the carbonaceous
support (Constant Phase Element), R. = resistance related to the carbonaceous support. Colors of the
squares around the circuits are related to the colors of the lines and dots in the EIS spectra.

Focusing at first on the background results (Table 5.1.3), the “MCH” systems show
the presence of two equivalent circuits, in series, in which in the first one the
capacitance values are really high (CPE..). No particular differences are highlighted
among the hybrids (RGO_Au2_MCH and RGO_Au3_MCH), the relative single
component (Au2_MCH) and the layer-by-layer depositions (RGO,Au2_MCH),
being the proof that in these systems the activity of gold nanoparticles covered by
MCH is governing the overall activity. In the case of the hybrid in which the ligand
exchange procedure is performed, the high affinity of MCH to AuNPs could lead to
the detachment of AuNPs from the graphene platform (also with the breaking of the
ligand between the gold nanoparticles and the NH, moieties of amino-pyrene)
resulting in a system that it is not so different from the simple layer-by-layer one.
This is verified also by the similar values of the physical parameters associated to the
circuit components. The aggregation of all the nanoparticles (as already verified in
Physico-Chemical characterization of the previous Paragraph) with the formation of
a single entity, well ordered and covered by 1-mercapto-6-hexanol could behave like
a sort of capacitor and that is why a high Capacitance (CPE4,) is observed. The low
Resistance, on the contrary, could be addressed to the presence of big aggregates of
metallic AuNPs, that are covered by MCH and not particularly hindered. The

presence of the second circuit could be addressed to a second contribution from the
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carbonaceous electrode platform (bare C-SPE or the C-SPE together with the RGO

deposited on it).

For what concern the hybrids treated or not treated with spin coating of MeOH and
AcOH, and so the hybrid in which the AuNPs are covered or not by OLEAM ligand,
the presence of a single circuit is highlighted. In this case, the treatment does not
lead to the detachment of AuNPs from the graphene platform and the link between
the nanoparticles and the NH, moieties of amino-pyrene is still present. This link
could be responsible for the introduction of a resistance in the system, and that is
why in these cases the R values (Rn, resistance of the overall material) are higher with
respect to the correspondent MCH-treated materials. As previously observed, the
hybrids without the external layer of OLEAM (RGO_Au2 and RGO_Au3) show
more differences among them (in particular for the Capacitance values, since the
resistance are for all the materials in the same order of magnitude), because in these
cases the different dimensions of the AuNPs is a dominant factor. When the
nanoparticles are covered by OLEAM, the two electrodes behave practically in the
same way. This effect was verified at first by a simple look at the graphs (CV and
EIS), but it is here verified also by the EIS fitting results. Regarding the single
components and the layer-by-layer depositions, RGO corresponds only to an RC
circuit, behaving like a pure capacitor. The only AuNPs, covered by OLEAM ligand,
behave like the correspondent hybrids, meaning again that in these cases is gold that
is governing the overall activity. When looking at the layer-by-layer depositions, in
the case of RGO,Au2_OLEAM, the results are equal to the single RGO. In this case,
the ligand between the AuNPs and the RGO platform is not present, since the
nanoparticles are covered by the correspondent capping agent and are not grown
onto the functionalized PA-RGO. For what concern the OLEAM coated ones, it
could be that the hindering effect is too strong that the result is the reaction with the
only RGO platform, since the molecules in the background solution are sensing only

this part of the material and are not able to sense AuNPs.

207



5. Graphene-Metal Hybrids

Concerning the results in the presence of the redox probe (Table 5.1.4), again the
hybrids treated with MCH behave differently from the other materials and that is
why they are listed in a separated Table. In fact, in these cases, the reaction of the
probe is not visible, since the presence of the Warburg element (associated to the
mass transfer mechanism) is not verified. Moreover, the values of the CPEa, and Rau
are in the same order of magnitude of the ones observed in the background solution
and are typical of the material, not of the charge transfer mechanism of the probe
towards the electrode. Also here, as happening for the background, a second circuit

is present and could be addressed to the carbonaceous electrode support.

Regarding the materials treated with spin coating, the reaction of the redox probe is
visible from the presence of the Warburg element. In more details, in the case of the
hybrids and for which the differences in the gold nanoparticles dimensions are an
important feature (RGO_Au2 and RGO_Au3), a lower resistance to the mass
transport (Zw) is registered for the bigger AuNPs (RGO_Au3). It could be imagined
that if the nanoparticles are smaller, a thicker layer is created into the RGO platform
and the mass transfer of the probe is more hindered, while it is less hindered for
bigger nanoparticles that could lead to a more “porous” layer onto the RGO

platform.

Looking at the single contributions and the layer-by-layer depositions, RGO has only
the resistance to the charge transfer but maybe the resistance to the mass transfer is
too high to be detected. RGO,Au2_OLEAM is not behaving like on the background,
similarly to the only RGO, but it is behaving like a sum of the contribution from
single RGO and single AuNPs, being more similar to the only AuNPs. In the
presence of the probe it could be that the favoured reaction Au-Probe prevails on
the hindering effect of OLEAM and so the probe is able to react with both the

component and not only with graphene.
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Table 5.1.3: Impedance parameters deriving from the fitting of the equivalent circuits of the hybrids in the background solution.

Ro/ (Q cm?) CPE,,/ (WF m R,/ (kQ cm?)
cm? s*1)
RGO_Au2 41.6 35.6 0.87 296
RGO_Au3 53.2 135 0.88 223
RGO_Au2_OLEAM 49.4 46.6 0.87 208
RGO_Au3_OLEAM 47.9 62.8 0.87 135
RGO 51.8 40.7 0.87
Au2_OLEAM 49.0 33.5 0.88 138
RGO,Au2_OLEAM 47.9 74.9 0.85
Ro/ (Q cm?) CPE,,/ (uWF Qi Ri./ (kQ cm?) | CPE./ (mF a. R./ (kQ
cm2 s%1) cm? s*1) cm?)
RGO_Au2_MCH 52.6 2087 0.53 0.035 1.82 0.93 10.3
RGO_Au3_MCH 28.5 6524 0.54 0.015 3.43 0.89 5.05
Au2_MCH 50.1 915 0.66 0.011 2.19 0.96 11.8
RGO,Au2_MCH 52.8 3136 0.49 0.020 0.65 0.92 29.5
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210

Table 5.1.4: Impedance parameters deriving from the fitting of the equivalent circuits of the hybrids in the presence of the redox probe.

Ro/ (Qcm?) | CPE,/ (uF Qo R./ Zw/(kQ | t/s | aw
cm-2 g%1) (Q cm?) cm?)
RGO_Au2 34.8 454 0.89 267 6.45 164.2 | 0.45
RGO_Au3 421 342 0.74 450 2.82 11.31 | 0.50
RGO_Au2_OLEAM 421 64 0.86 324 2.81 15.96 | 0.47
RGO_Au3_OLEAM 414 10.6 0.85 366 2.74 1541 | 047
RGO 48.4 50.4 0.85 1384
Au2_ OLEAM 427 42.6 0.90 386 7.21 166 0.45
RGO,Au2_OLEAM 42.0 81.2 0.87 377 6.97 113 0.48
R_Q / CPEAu / dAp RAlI / CPEC / (mF ac Rc / (m
(Qcm?) | (UF cm? (Q cm?) cm2 s*1) cm?)
s%1)
RGO_Au2_MCH 46.8 2583 0.54 19.7 0.413 0.84 179.46
RGO_Au3_MCH 26.1 8270 0.53 10.2 0.702 0.80 716.0
Au2_MCH 45.7 491 0.74 8.36 2.90 0.88 1.90
RGO,Au2 MCH 48.1 1515 0.58 8.22 1.23 0.78 1.68
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Conclusions

A novel colloidal hybrid nanocomposite having as basic components graphene and gold
nanoparticles is here synthesized. In particular, a multilayer network of oleylamine
(OLEAM)-capped Au NPs, 10 to 20 nm in size, highly densely coats Reduced Graphene
Oxide flakes, modified on the surface with 1-amminopyrene (PA). The NPs
heteronucleation and growth is achieved by an 7 situ colloidal reduction of a Au
precursot, in presence of OLEAM. This synthetic procedure ensures a high control on
the nanoparticles size and distribution, which reflects on the overall control of the
nanostructured morphology of the final decorated PA-RGO flakes. In the hybrid
structure, each component has a particular and dedicated role. OLEAM acts both as
reducing and capping agent of the gold nanoparticles, while PA acts as linker and
coupling agent between the RGO flakes and the AuNPs. This is possible thanks to the
T-T interactions of its aromatic structure with the RGO platform and, concomitantly to

its amino moieties, serving as coordinating active sites for the AuNPs.

These hybrid nanostructures have been used for the modification of Carbon Screen
Printed Electrodes, to be applied for the detection of the neurotransmitter dopamine.
The best device was found to be the hybrid synthesized with the smaller nanoparticles
and then subjected to a treatment of spin coating with methanol and acetic acid in order
to remove the OLEAM capping agent. In this way, the most suitable distribution of
AuNPs on the graphene platform was ensured and the best electroanalytical
performances were achieved, thanks to the absence of the insulating hydrophobic chain
of oleylamine and to the increased availability of both AuNPs and RGO flakes to react
with the target analyte. LODs in accordance and even lower than other analytical
techniques for the detection of dopamine were achieved, underlying the enhanced

performances in the use of a hybrid with respect to the single separate components.
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5.2 PCA-RGO/DMBT-AulNPs Hybrids

Focus

In parallel to what concern the previous Paragraph 5.1, a similar hybrid based on
gold nanoparticles and graphene flakes is here the subject of investigation. In this
case, the Reduced Graphene Oxide flakes (RGO) are modified on their surface with
1-pyrene carboxylic acid (PCA). The application of a non-covalent approach allowed
again to reach the functionalization of graphene platforms with densely and
uniformly 7z situ decoration of gold nanoparticles (AuNPs). These are concomitantly
coordinated to the PCA carboxylic group and to an aromatic thiol, 3,4-
dimethylbenzenethiol (DMBT), which is used as reducing agent in the synthetic
procedure. The thiol (DMBT) ensures the non-covalent anchorage of the
nanoparticles onto the RGO flakes and promotes an interparticle electron coupling
along the nanoparticles network. The colloidal solution is again used to modify

Carbon Screen Printed Electrodes.

In a previous work, such material was involved in the creation of an electrochemical
biosensor for the detection of the biotinylated miRNA-221 and for its determination
in spiked human blood serum samples.' The excellent performances of such hybrid
as nucleic acid biosensing platform moved the interest in the use of this material also
in other fields. In fact, such a hybrid is here applied as simple sensor, without the
need of any further modification after the synthetic procedure. The colloidal solution
from the synthesis is deposited onto C-SPEs platform and then used in the

electrochemical detection of Arsenic.

Arsenic belongs to the family of heavy metals ions (HHMIs), which are non-biodegradable
and responsible of the contamination of most of the natural resources occurring in
the environment, including water. Arsenic (As), together with Lead (Pb), Mercury
(Hg), Chromium (Cr) and Cadmium (Cd), in their different oxidation states, are
already known to be highly toxic and hazardous to human health even at trace levels.

HMIs derive mostly from cosmetics, fertilizers and other chemicals generated from
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industrial or household waste.” Moreover, HMIs could be find also in rocks, as
natural components, but, particularly from industrial wastes, in contaminated soils.*
They are highly dangerous since they do not decompose and have the tendency to
accumulate in living organisms, being responsible of various diseases and disorders

56

to the nervous, immune, reproductive and gastrointestinal systems.™ Considering all
these facts, the development of detection methods and tools to analyse HMIs in
environmental samples is of extremely interest and it is spreading in the scientific
community as a priority. This is also to follow the Directives of several international
organizations such as the World Health Organization (WHO), the Joint Food and
Agricultural Organization (FAO), the US Environmental Protection Agency (EPA),
the Centre for Disease Control (CDC) and the European Union (EU) [U.S, 2009.
EPA National Primary Drinking Water Regulations; Directive, 2013. 2013/35/EU of the
European Parliament and of the Council; Standard methods for the examination of water &
wastewater, 2012. American Public Health Association (APHA), American Water Works

Association (AWW.A) & Water Environment Federation 22 (WEF)].

Nowadays, several analytical techniques are involved in the detection of heavy metals
in complex matrices, such as AAS’, ICP-MS®, ICP-OES’, usually preceded by solid
ot liquid phase extractions. The advantages of all these methods reside in the fact
that they are applicable for a wide range of elements and they allow also simultaneous
determinations, with the possibility to reach very low detection limits. By the way,
even if they are suitable for quantitative analysis, they often require to be coupled
with other chromatographic techniques to perform ions speciation. Moreover, they
suffer from being expensive and they sometimes require multisampling, with difficult
analytical procedures. Therefore, trained personnel are needed and they result in
being time-consuming techniques. Other tools for the detection of heavy metals in
water are the optical techniques, even if they are costly and require complex
equipment (such as photodetectors), high precision and high power operations’. In
order to overcome all these disadvantages, electrochemical methods represent good
candidates being more economic, user friendly and reliable. Moreover, the possibility
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to miniaturize electrodes and easily modify their surface, together with the compact
and portable instrumentation setup, made electrochemistry a perfect candidate for

the detection of heavy metals in water samples'"

also allowing on-line, on-site and
continnons measurements, which represent an actual need and a big challenge of the
last few years. In fact, the increase in population together with the rise of resources
and development of industry and agriculture has led to a dramatic excess of
wastewater with the most various composition, toxicity and texture. The integrated
processes ensure a novel risk-based approach to assess environmental status

including chemical quality, morphological conditions and ecological safety (in

Europe, this is specially requested by the Water Framework Directive, WFD, 2000).

The only disadvantage of electrochemical methods with respect to the other
commonly involved analytical techniques, is that they suffer from lower sensitivity
and higher detection limits. In order to overcome these problems, however, apart
from the development of biosensing platforms (immunosensors, enzymatic sensors,
etc.), the use of nanomaterials is considered to be a good solution. Therefore, the
coupling of electrochemical techniques with nanomaterials could enhance the
sensitivity, lower the limit of detections, and increase robustness of the specific

SCHSOIS]Z.

Considering all these facts, in this part of the Project, nanomaterial based
electrochemical sensors are involved in the detection of Arsenic. All the different
components of the hybrid are analysed in order to understand their peculiarities and
their effectiveness in the final device performances. The peculiarities of the hybrid
with respect to the single counterparts are underlined and deeply investigated by
means of electrochemical characterizations supported by other physico-chemical
analyses. Particular attention was also paid on the possibility to speciate among the
two different oxidation states of As, namely As(III) and As(V), since the first one is
ten times more dangerous than the other form and for this reason it is particularly

interesting to find analytical tools able to differentiate between the two ions.
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Materials and Methods
Chemicals

Commercial Reduced Graphene Oxide (RGO) (1.6 nm flakes) was purchased from
Graphene Supermarket. 1-Pyrene Carboxylic Acid (PCA, 97%), n-methyl-2-
pyrrolidone (NMP, 99%), tetraoctylammonium bromide (TOAB, 99%), hydrogen
tetrachloroaurate(IIl)  trihydrate (HAuCly X 3H,O, 99.999%), 3,4-
dimethylbenzenethiol (DMBT, 98%), 2-phenylethanethiol (98%), sodium
borohydride (NaBH4, 99.99%) toluene and methanol were purchased from Sigma
Aldrich.

Exfoliation and functionalization of RGO

Commercial RGO was exfoliated and functionalized with 1-Pyrenecarboxylic acid
(PCA) by sonicating, in an ice bar, a mixture of RGO powder and PCA in n-methyl-
2-pyrrolidone (NMP). The excess of PCA was removed by cycles of centrifugation
and re-dispersed in methanol. Finally the purified PCA-RGO powder was dispersed
in NMP.

Synthesis of the PCA-RGO/AuNPs hybrid materials

For the synthesis of the PCA-RGO/AuNPs hybrid a two-phase method was used,
following the one from Brust et al. '* for the synthesis of gold nanoparticles, with
some little modifications. In more details, 5 to 15 mg of the PCA modified RGO
powder were dissolved in NMP and then added to a solution prepared by mixing
1.1872 g — 3.548 g of TOAB in 35 — 80 cm’ of toluene, and left under stirring for 30
minutes. Then, 0.1770 g — 0.354 g of HAuCly - 3H,O, dispersed in 15 - 30 cm’ of
milli-Q water, were added to the solution and left again 30 minutes to stir. After this
passage, ensuring the transfer of the gold precursor from water to toluene, water was
removed from the reaction flask and 60 — 120 ul. of DMBT were added to the
synthetic mixture and left to stir for one hour. In this way, the reduction from Au(III)

to Au(l) is controlled and the coordination of the thiol to gold nanoparticles is
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achieved. DMBT acts, in this way, as capping and reducing agent. In order to
complete the reduction from Au(I) to Au(0), 0.189 g — 0.378 g of NaBH, in 12- 25
cm’ of Milli-Q water were added. The growth of the AuNPs was allowed to proceed
overnight. The whole process was conducted at room temperature. The PCA-
RGO/Au NPs dispersions were then purified with methanol by cycles of
centrifugation to remove the excess of DMBT aromatic ligand. In a final step, in
order to separate the hybrid nanocomposite flakes from the gold nanoparticles
homonucleated in the supernatant of the reaction mixture, a precipitation step was
achieved, by adding methanol and inducing a gradual flocculation of the larger PCA-
RGO/AuNPs flakes. The isolated pellet containing the hybrid, separated from the
supernatant containing the free DMBT-capped gold nanoparticles by centrifugation,

was then re-dispersed in toluene.

Characterization techniques

e UV-Vis-NIR absorption spectroscopy was performed to characterize the
PCA-RGO/Au NP hybrid material dispersed in toluene, by using a Cary

Varian 5000 spectrophotometer.

e Mid-infrared spectra were acquired with a Varian 670-IR spectrometer
equipped with a DTGS (Deuterated Tryglycine Sulfate) detector, having a

spectral resolution of 4 cm™.

For attenuated total reflection (ATR)
measurements, the used internal reflection element (IRE) was a one-bounce
2 mm diameter diamond microprism. The samples were cast directly on the

upper face of the diamond crystal and the solvent was allowed to evaporate.
e Transmission Electron Microscopy (TEM) images of the PCA-RGO/Au
NP hybrid flakes were acquired by using a JEOL JEM-1011 microscope,
working at an accelerating voltage of 100 kV and equipped with a high-
contrast objective lens, and a W filament as electron source. Under these
conditions, the ultimate point resolution of the microscope was equal to 0.34

nm. The TEM images were collected by a Gatan SC-1000 Orius Camera,
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equipped with a fiber-optical coupled 11 Mp CCD. The samples were
prepared by dipping the 300 mesh amorphous carbon-coated Cu grid in
PCA-RGO/Au NP toluene dispersions, and letting the solvent to evaporate.
Size statistical analysis (NP average size and size distribution) of the samples
was performed by means of a freeware Image ] analysis program.

e Topography and phase mode Atomic Force Microscopy (AFM)
measurements were performed in air and at room temperature, by means of
a PSIA XE-100 SPM system operating in tapping mode. A silicon Scanning
Probe Microscope (SPM) sensor for noncontact AFM (Park Systems),
having a spring constant of 42 N m™ and a resonance frequency of 330 kHz,
was used. Micrographs were collected on six distinct areas of the sample,
with a scan size area of 5 pm X 5 um, by sampling the surface at a scan rate
between 1.0-0.5 Hz, and a resolution of 256 X 256 pixels. Topography AFM

images were processe usin e software to obtain statistical data.
oy p d by ¢ the XEI software to obtain statistical dat

Electrodes Preparation

The colloidal dispersions in toluene were left under stirring for one hour, then, 1.8
pL of the colloid were deposited by drop casting, using an automatic micropipette
(Kartell, Noviglio, Milano, Italy), onto the C-SPE (purchased from Metrohm
DropSens) surface and let dry in air at room temperature. The final hybrid (PCA-
RGO/DMBT-AuNPs) and the single components were deposited on different
electrodes in order to study their relative characteristics (only PCA-RGO flakes
solution and only DMBT-AuNPs). Apart from RGO and AuNPs samples alone, also
a subsequent deposition (layer-by-layer) of RGO and then AuNPs was done, by drop
casting 1.8 pl. of RGO first and then, when dry, the same amount of AuNPs

colloidal solution.
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Electrochemical Characterizations

Electrochemical Characterizations by Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS) were performed using a PGStat30 (Metrohm
AutoLab, Utrecht, The Netherlands) equipped with NOVA 2.1 Software (Metrohm
AutoLab, Utrecht, The Netherlands). The experiments were carried out in a
conventional three-electrodes cell using a Saturated Calomel Electrode (SCE) and a
Platinum wire as reference (RE) and counter (CE) electrodes, respectively. The
working electrode (WE) was the modified Carbon Screen Printed Electrode (C-SPE)
with the different RGO and AuNDPs colloidal solutions. 0.1 M solution of KCI,
NaClOy4 and PBS (Phosphate Buffer, pH 7.4) were used as supporting electrolytes
and K4[Fe(CN)g] was selected as molecular redox probe. EIS measurements were
conducted at -0.1 V, +0.1 V and +0.25 V (SCE), on the background and in the

presence of the probe, in the same three above-mentioned electrolytes.

Electroanalytical Applications

Electrochemical detection of Arsenic, starting from mother solutions of As,Os
(Fluka) and As,Os (Arsenic(V) oxide hydrate, Sigma Aldrich), was performed by
using a p-AutoLab III (Metrohm Autolab, Uthrecht, The Netherlands), equipped
with the NOVA 2.1 Software (Metrohm Autolab, Utrecht, The Netherlands).
Anodic Stripping Voltammetry (ASV) was used as electroanalytical technique,
consisting of a preliminary accumulation step at cathodic potential in order to reduce
As(III) or As(V) ions in solution, followed by a Linear Sweep in the anodic scan
direction. The analyses were performed in different electrolytes, at different pH
values, namely PBS (pH 7.4) and HCl 0.1 M. The experimental parameters, such as
the potential of accumulation step and the potential range of the linear scan, were

then adapted to the particular analysis (see next Paragraph).
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Results and Discussion
Synthesis and Characterization of the PA-RGO/AuNPs Hybrids

The RGO commercial flakes were exfoliated in the presence of PCA in a NMP
solution. NMP was chosen as solvent, because of its ability to disperse RGO flakes".
Pyrene was chosen, as already done in the parallel hybrid synthesis (Paragraph 5.1),
for its ability to link the graphene »ia T—7 stacking interactions, which are strong and
practically irreversible. Pyrene acts as “molecular wedge”, entering from the sides of
the multi-stacks of graphene, in depth, and exfoliating them. In this case, PCA is
chosen for its carboxylic moieties, necessary for the following nucleation and growth
of gold nanoparticles. The out of plane -COOH functional groups are also suited to
keep separated the graphene sheets, preventing their re-stacking, and allowing

15,16

dispersion of the PCA modified RGO complex in solvents.

Regarding the next creation of the hybrid, a step of phase-transfer was necessary. In
fact, since the gold precursor is soluble in water, but the synthesis is carried out in
toluene, TOAB was used in order to transfer HAuCly - 3H,O from water to toluene:
it links gold nanoparticles by electrostatic interactions and interacts also with the

carboxylic moieties of the PCA.

In this synthesis, the choice of the PCA and DMBT is thought with attention in
otder to achieve a perfect functionalization of graphene with gold nanoparticles; in
fact, a pyrene without any alkyl group and a thiol with the -SH group directly linked
to the aromatic ring were chosen. In this way, the attachment of AuNPs, linked to
DMBT with the —SH moieties, to graphene platform is assisted by the instauration

of m—m stacking interactions.

A sketch of the final hybrid is represented in Figure 5.2.1, where the link between
the carboxylic moieties of PCA and AuNPs is marked, together with m—m
interactions among the benzene ring of the thiol and the graphenic platform,
ensuring the interconnection among the components of the hybrid.
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Figure 5.2.1: Sketch of the anchoring of the DMBT-capped Au NPs onto the PCA-RGO flakes.
Adapted with permission, Copyright 2019 ©, Carbon

Figure 5.2.2 (a) reports a TEM image of the PCA-RGO/AuNPs flakes, where a
micro-meter large sheet structure is evident, cleatly coated by round-shaped nano-
objects, AuNPs, higher in contrast. From the statistical analysis and size distribution

(Figure 5.2.2 (b)), the mean diameter was calculated to be 2.8 0.6 nm.
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Figure 5.2.2: (a) TEM Image of the hybrid composite, (b) statistical size distribution of gold
nanoparticles on the hybrid and (c) UV-Vis spectra of the hybrid.
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From the UV-Vis spectra of the hybrid nanocomposite (Figure 5.2.2 (c)), an
absorption signal at about 564 nm is evident. This can be ascribed to the Localized
Surface Plasmon Resonance (LSPR) peak of the AuNPs '. The position of this peak
is at lower energy with respect to the one relative to AuNPs of comparable size in
solution. This could be due to the differences in the dielectric constant of the
environment, when AuNPs are functionalized onto the graphene platform, and also
to the instauration of electron coupling effect among the nanoparticles assisted by

the presence of the DMBT ligand !

__ PCARGO Figure 5.2.3 shows the Raman spectra of the
F=PCA-RGO/AuNPs final hybrid compared with the only PCA-
RGO flakes. In both cases, the G and D
peaks, typical of RGO, are present. The
strong difference between the two spectra is

that in the case of the AuNP modified
platform, a high background signal is

1300 2000 2300 3000 present,  originated by the PCA

. 1 , .
Raman Shift / cm photoluminescence. The D peak of RGO is
Figure 5.2.3: Raman spectra of the ) ) )
PCA-RGO and the final hybrid PCA- due to the defects on its surface, like ripples,
RGO/AuNPs.

edges, impurities (like oxygen functionalities,
C heteroatoms and hydrocarbons). In the hybrid, the ratio between the D and G
peaks is lower in intensity, being representative of a less defective material, with a
higher domain of conjugated C-sp” atoms. This is ascribable to the final reduction

step of gold carried out with NaBH, at room temperature'.

In order to verify the role of the PCA linker during the synthesis of the hybrid
material, a control experiment was done. In more details, AuNPs were synthesized
following the 7# sitn procedure, in toluene solutions of DMBT and bare RGO flakes,
without any pyrene functionalities on them. TEM image of the achieved flakes is

reported in Figure 5.2.4 (a), while Figure 5.2.4 (b) reports the TEM images of the
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flakes related to the synthesis of AuNPs conducted in the presence of the

functionalized PCA-RGO platforms.

W A e T SR

Figure 5.2.4: TEM images of the AuNPs grown onto bare RGO (a) and PCA-RGO (b) flakes.

This experiment shows that gold nanoparticles do not heteronucleate onto the bare
RGO flakes, while they are densely and uniformely anchored onto the functionalized
PCA-RGO. In conclusion, the presence of the pyrene linker is crucial and essential

for the effective creation of the hybrid.

Other intended experiments were performed in order to understand the most
suitable PCA:RGO w/w ratio, the HAuCl, - 3H,0 : TOAB and the HAuCl, - 3H,O
: DMBT molar ratio (Figure 5.2.5). The morphological properties of the different
obtained hybrids were monitored via TEM analysis. It was found that the PCA:RGO
w/w ratio drastically affects the uniformity and density of the gold nanopatticles
coverage on the graphene flakes. Moreover, different populations in terms of
dimensions of the nanoparticles were found by varying the ratio between the pyrene
acid and the RGO flakes. This fact is a confirmation of the action of PCA, not only
in the functionalization of RGO, but also as assistant in the nucleation and growth
of the AuNPs (when the amount of PCA is too high, also the nucleation of gold
nanoparticles is too much). The best parameter was then fixed as a ratio of 17:1

PCA:RGO (w/w).
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Figure 5.2.5: Sketch of the AuNPs morphology and coating density onto the PCA-RGO flakes by
increasing the PCA:RGO (w:w) ratio. Adapted with permission, Copyright 2019 ©, Carbon

Regarding the molar ratio between the gold precursor (HAuCl, - 3H,0) and the phase
transfer reagent (TOAB), it was found that a 1:2 ratio was not sufficient and a
complete transfer of the monomer from the aqueous phase to toluene was achieved
by using 1:4 to 1:6 molar ratio. Finally, the 1:4 was used as the best synthetic
parameter. For what concern the HAuCl, - 3H,0 : DMBT molar ratio, it was found
that an excess of the thiol ligand was beneficial in order to achieve small

nanoparticles and to favour the heteronucleation on the graphene platform.

The final proportion between all the reagents were then fixed as 1:4 HAuCl, - 3H,O
: TOAB and 1:2 HAuCly - 3HO:DMBT molar ratio, respectively and 17:1
PCA:RGO w/w.

Electrochemical Characterization of the PCA-RGO/AuNPs Hybrids

In order to study the properties of the hybrid and, above all, to understand its
peculiarities when compared to its single counterparts, different kind of electrodes
were subjected to a deep electrochemical characterization. Cyclic Voltammetry (CV)
and Electrochemical Impedance Spectroscopy (EIS) were conducted on four kind
of modified C-SPEs, both on the background and in the presence of 3mM
K4[Fe(CN)o| (inner-sphere redox probe towards carbonaceous supports)' in three
different aqueous electrolytes, namely 0.1 M KCl, NaClO,4 and PBS. The modified

electrode will be hereafter named in the following way:
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- Hybrid: C-SPE modified by drop casting 1.8 uL of the hybrid colloidal
solution in toluene. Here, the complete PCA-RGO/DMBT-AuNPs system
is investigated.

- Au: C-SPE modified with the colloidal solution (1.8 pL) with only DMBT-
AuNPs, without the RGO flakes.

- RGO: C-SPE modified with the colloidal solution (1.8 pL) of only PCA-
RGO flakes, without gold nanoparticles grown on them.

- RGO,Au: C-SPE modified by casting subsequently (layer by layer) the RGO

colloidal solution and then the AuNPs one, 1.8 pul. of each.
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Figure 5.2.6: Cyclic Voltammetry recorded on the four different electrodic platform, at 100 mV s,
in the presence of 3 mM K4[Fe(CN)g] in a 0.1 M aqueous solution of (a) KCl, (b) NaClO4 and (c)
PBS as supporting electrolytes.

The most appreciable difference among the systems are related to their reactions
with the redox probe. Figure 5.2.6 (a), (b) and (c) report the CVs of the four above-
mentioned systems in KCl, NaClO4 and PBS, respectively, in the presence of 3 mM

potassium ferrocyanide.

At a first glance, it can be claimed that in all the three electrolytes the hybrid behaves
differently from its counterparts (Table 5.2.1). In particular, the current density
values (normalized for the geometric area of the electrodes, 0.126 cm?) are higher for
the hybrid (electroactivity effect). Moreover, the peak potential position of the anodic
oxidation of the redox probe of the hybrid is shifted towards less positive values (it
is closer to zero) with respect to the other materials, observing a shift of about 100-

150 mV. For all the different electrolytes, the peak position for the oxidation of the
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probe towards the hybrid is the same. In this case, a possible electrocatalytic effect is
present. It is not possible to claim that electrocatalysis is the only reason of the
anticipation of the peak, because effect of convergent diffusion and thin layer diffusion
are here reasonably present, and they can be themselves responsible for both the
increased current and for the anticipated peak position. In fact, it is possible to
imagine that in the case of the hybrid, when gold nanoparticles are effectively grown
onto the functionalized graphene platform, they are uniformly distributed and
separated in a suitable distance one to the other. As a consequence, they can act as
electroactive spots onto the graphene platform, forming a microarray of electrodes,
resulting in the instauration of the so called convergent diffusion. The presence of such
an effect is also supported by the changed shape of the oxidation peak of the probe,
which resembles more a step than a peak (more visible in NaClO, and particularly
PBS)."

Table 5.2.1: Peak position (E) and density current values (j) relative to the oxidation of K4[Fe(CN)g]

in three different electrolytes. Concentration of the probe = 3 mM; Voltage scan rate = 100 mV s;
Geometric Area = 0.126 cm?.

KCl1 NaClOq4 PBS
E/V | j/(mAcm?) | E/V | j/(wAcm?) | E/V | j/ (mAcm?)
Hybrid 0.28 0.599 0.28 0.750 0.28 0.546
Au 0.35 0.355 0.34 0.482 0.43 0.300
RGO 0.35 0.408 0.33 0.496 0.52 0.318
RGO,Au 0.33 0.402 0.35 0.472 0.42 0.309

Figure 5.2.6 (c) clearly shows how the only RGO platform is the one that reacts
more difficulty with the probe, having the anodic peak position at the highest
potential values (Table 5.2.1). AuNPs alone seems to react in a better way and seems
also to govern the situation in the RGO,Au system. In any case, the hybrid has a
drastic enhancement in the electrochemical response. When using PBS, possible
absorption phenomena of the phosphate counter ion on the graphene platform must
be kept into consideration. This could be responsible also of the strange reduction

signal for the hybrid: the phosphate could have been adsorbed" and then stripped
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away leaving more available sites for the redox probe to react and then leading to a

rapid enhanced of current.

Cyclic Voltammetry has been performed at different voltage scan rates, in the range
10 to 500 mV s, in order to clarify the electrochemical reversibility and the kind of
diffusional mechanism involved for the redox probe . Results and comparisons in

the case of the NaClOj electrolyte solution are shown in Table 5.2.2.

Table 5.2.2: Values deriving from the electrochemical characterisation (CV) of the different
materials in NaClO4 0.1 M + 3 mM K4[Fe(CN)g]. Effect of the scan rate on different parameters.

Electrode I vs v05 a AE vslog(v) (Ep — Ep2) vs
dependency (log(d) vs dependency log(v)
log(v) slope) dependency
Hybrid Linear (0.39 £ 0.01) Variable Variable
0.1V s1: 268 mV)
Au Linear (0.47 £ 0.02) Variable Variable
0.1V s™: 302 mV)
RGO Linear (0.412 £ 0.005) Variable Variable
0.1V s: 272 mV)
RGO,Au Linear (0.47 £ 0.02) Variable Variable

(0.1V s: 292 mV)

In all cases, the dependency of the current with the square root of the scan rate is
linear, but the variability of the wave-shape and the peak-to-peak current with the
voltage scan rate is an evidence of an electrochemical irreversibility of the system.
For a comparison, the AE value for all the hybrids recorded at 0.1 V s is reported
in brackets. It can be seen that the lowest value (268 mV) is present for the hybrid
and so this is the system which shows the best electrochemical reversibility. The
highest value (302 mV) is reported for the only AuNPs modified system and in the
case of the layer-by-layer deposition the value is in the middle between the one of
only RGO and only Au. The fact that in the hybrid the situation is better than the
single component is another confirmation of the good performances of this system
and of the effectiveness of the synthetic route. Looking at the a values, that is the
slope of the log(?) vslog(v) graph, interesting consideration can be drawn. In fact, in

case of Au, the value is really close to the expected 0.5 for a planar diffusive
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mechanism of the redox probe towards the electrode. The value is the same in the
case of the RGO,Au electrode, meaning that gold is the main actor in such a device,

covering the contribute from RGO. The Hybrid, on the contrary, is the material for
which the o value is the most distant and lower than 0.5 being a confirmation of the
instauration of a different diffusive mechanism of the redox probe towards the

electrode, for example, the previously mentioned convergent diffusion or thin layer effect.

To better understand this conclusion, it is useful to come back to the difference
between planar (or linear) and convergent (or radial) diffusion, as already discussed
in Chapter 2: in the first case, current lines are perpendicular to the surface of the
electrode and parallel one to the other, while in the second case they are not linear.
This second situation is normally encountered when dealing with microelectrodes,
where the diameter of the electrode is small, particularly, smaller than the diffusion
layer, and the current lines come to the electrodes from every direction and they are
not parallel one to the other. As a consequence, the diffusion layer thickness is high
and it is higher than the time-scale of the performed voltammetry. In this case, a
steady-state current is normally reached, resulting in a step-shaped voltammetric
signal. In the present case, a more particular and complex situation can be imagined,
that is the one of the microelectrodes’ array (see Chapter 2 for more details). It is
possible to imagine to be in a situation like the category 2 or 3 of Figure 1.3, in which
the hybrid is composed by a layer of RGO on which the gold nanoparticles are in a
suitable distance one to the other to act as electroactive independent spots on the

graphene flakes.

The same materials were analyzed by Electrochemical Impedance Spectroscopy.
Figure 5.2.7 reports the Complex plane (a) and Bode Phase (b) plots of the four
modified electrodes in the presence of the redox probe, at +0.25 V (SCE), showing
at a first glance a strong different behavior for the hybrid with respect to the other
materials. The equivalent circuits, derived by using the Software ZView, are reported

in Figure 5.2.8 and the relative mathematical values are summarised in Table 5.2.3.
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Figure 5.2.7: Complex plane (a) and Bode Phase (b) plots of the hybrid, Au, RGO and RGO,Au
electrodes in NaClO40.1 M + 3 mM K4[Fe(CN)¢] recorded at +0.25 V (SCE).
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Figure 5.2.8: Equivalent circuits relative to the EIS spectra of Figure 5.2.7. Ra = cell resistance,
CPEq = double layer capacltance (Constant Phase Element), R = charge transfer resistance, Ly =
Warburg resistance, CPEn,, = material capacitance (Constant Phase Element), Rn = material
resistance. Colors of the squares around the circuits are related to the colors of the lines and dots in the EIS spectra.

Table 5.2.3: EIS mathematical parameters.

Ra CPE. | a,, R, CPEq | ag R Zy Ol Ty
@ (mF () (WF Q) | (Qem?) ©)
cm?) cm2 cm?) cm2
s%1) )
Hybrid 31.16 2.78 0.55 3.48 684.16 | 0.86 126 2.55 0.38 | 422
Au 32.71 - - - 29.85 | 0.92 260 3.04 0.50 42
RGO 31.55 - - - 1846 | 0.93 676 1.50 0.47 18
RGOAu | 31.85 - - - 29.09 | 0.92 334 1.42 0.46 24
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It can be immediately observed that in the case of the hybrid the equivalent circuit is
strongly different from the single components (RGO and Au) and from the two
materials deposited one over the other (RGO, Au). The second part of the total
equivalent circuit, which is a typical Randles circuit, is composed by a Constant Phase
Element (replacing the ideal capacitance of the double layer) and the total impedance
relative to the Faradaic reaction of the probe toward the electrode. The first
resistance, occurring at higher frequencies, is relative to the charge transfer
mechanism (Re) connected with the passage of electrons between the probe and the
support. What can be immediately observed is that this value is, among the four
materials, the lowest for the hybrid and the highest for the only RGO platform. In
particular, it can be noticed that in the case of only AuNPs the resistance is quite
low, and in the case of the two materials deposited one to the other the effect seems
mediated between the only RGO and the only AuNPs. The fact that for the hybrid
the resistance is lowered again with respect to the bare AuNPs it could be related to
the strong interaction between the two materials RGO and AuNPs. Moreover, the
possible convergent or thin layer diffusion etfect, previously discussed also for the CV
results, could be responsible for this lower resistance values, being these processes
energetically favoured. RGO deposited onto the C-SPE is ordered and AuNPs onto
it are ordered again and strictly connected to the carbonaceous platform. The
resistance of the electronic transfer from the probe to the electrode is so assisted by
this particular structure and it is lowered. Moreover, looking at the Bode plots
(Figure 5.2.7 (b)), it can be noticed that in the case of the hybrid the maximum of
the phase angle is shifted at lower frequencies, meaning that the reaction is more
favoured (at lower frequencies the system is less perturbed). This could reflect also
the possibility to see another circuit in addition of the Randles one, for the hybrid,
which is probably related to the interfacial region between the C-SPE support and

the Hybrid material deposited onto it.

Regarding the mass transfer resistance, which is expressed by the Warburg element
(Zy), it is the highest in the case of Au alone and the lowest in the case of RGO
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alone. In the hybrid the effect seems mediated while in the RGO,Au system it seems
that the contribute of RGO wins on the global behaviour of the system. In this case,
since the resistance is relative to the massive transport and not only to the electronic
one, sterical and hindering effects could play a crucial role. In the case of RGO, this
reaction could be favoured thanks to the instauration of a #hin layer diffusion effect,
which is absent in the case of only Au (considering also that the single nanoparticles

are functionalized with the aromatic thiol and so there could be a hindrance effect).

Electroanalytical Applications of the PCA-RGO / AuNPs Hybrids

As previously mentioned (See “Focus”), the materials under investigation were
involved in the electroanalytical detection of Arsenic. Considering the chosen
analyte, to perform these analyses, Anodic Stripping Voltammetry was chosen as the

best electroanalytical technique.

The first approach was devoted to the detection of arsenic starting from his arsenate
form, As,Os. A mother solution of this salt was prepared, by dissolving it in NaOH
0.1 M; then, it was added to an aqueous solution of PBS 0.1 M (at pH 7.4), which
was the supporting electrolyte in the electrochemical cell. This last equipment was
composed by a conventional three-electrode cell (See “Materials and Methods”) in
which the working electrode was the modified Carbon Screen Printed Electrode. The
WE was modified with the four different materials previously analysed via
electrochemical characterisations (namely, Hybrid, Au, RGO and RGO,Au). The
experiments were carried out in a deaerated environment, previously achieved by
bubbling N> in the solution for 15 minutes. The stripping procedure was composed
by a pre-concentration step in which the As(III) in solution is expected to be reduced,
and then by a linear anodic scan which ensures a reoxidation of the species in its
metallic form. The best accumulation potential (in the cathodic region) was found to
be -0.8 V (SCE); in fact, above this potential it was not possible to effectively reduce

As(III), because under -0.8 V (SCE) problems related to the concomitant evolution
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of hydrogen at the electrodes were encountered. In this way, it would have been
impossible to accumulate the metallic ion at the working electrode surface and no

signal would have been then registered.

Figure 5.2.9 shows a general
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0.08 how the presence of gold
0.00 : : ‘ . . nanoparticles is essential, since in the
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case of RGO no signals are visible;
Figure 5.2.9: Comparisons between the four
materials tested. Anodic Stripping Voltammetry
in the presence of 10> M of As;Os.
Accumulation step at -0.8 V (SCE) for 60s, in 0.1

M of PBS solution. they govern the analytical answer.

moreover, when AuNPs are

deposited onto the RGO solution,

What it can be observed is that two distinct signals are present. In order to
understand the nature of these signals, different experiments with and without the
accumulation step, followed by an anodic scan in different voltage ranges were
conducted. In more details, the voltage range -0.4 V (SCE) to +0.1 V (SCE) and the
one from +0.1 V (SCE) to +0.8 V (SCE) were analysed after the addition of the

arsenic salt and after performing or not the accumulation (reduction) step.

It was observed that the first signal, at about -0.2 V (SCE) is not present when the
accumulation step is not performed (Figure 5.2.10 (a)), while the second signal,
around +0.4 V (SCE) is present also without the reduction step at -0.8 V (SCE)
(Figure 5.2.10 (b)). Successive additions of the As,Os solution were done and
subsequent ASV were performed, but only in the second scan it was possible to see

a signal growing, while in the first range no signal were obtained, also growing the
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concentration of arsenic in solution. Such an evidence let reasonably deduce that the
first signal is related to the oxidation from As(0) to As(III) and the second one is
related to the oxidation of As (III), already present in solution, to As(V). In fact, if
the reduction step is not performed, the As(IIl) is not reduced and therefore not

oxidized and detected in the following anodic scan.
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Figure 5.2.10: Successive addition of As>O; (from 3.5 10> M to 3.2 104 M) in the (a) first range of
the anodic scan and in the (b) second range, without accumulation step at -0.8 V (SCE).

A general consideration from the Figure 5.2.9 is that no particular enhancement in
the performances of the hybrids seems evident when compared with the only AuNPs
modified electrodes. A first thing to be kept in mind is that in the case of the only
AuNPs material, the concentration of gold nanoparticles is much higher than the
hybrid, in which AuNPs are distributed and grown onto the graphene flakes. Since
in this case is gold that reacts with Arsenic (because RGO is not able to give any
signal), it means that in the case of the hybrid, the same answer is obtained, but with
a lower amount of electroactive species. This could be due to the beneficial effect of
the distribution of AuNPs on the graphene platform. RGO, that is not electroactive
towards arsenic, assists and stimulates the final response of the AuNPs in the hybrid.
It is not a simple spectator but, being a suitable platform, it helps in the detection of
the target analyte, thanks maybe to the instauration of particular diffusional
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mechanisms which helps in the enhancement of the faradaic current. This evidence
is a great result, since it means that by creating a hybrid, it is possible to use less
electroactive gold material (which is expensive and not so easily accessible) and to
achieve the same results obtained with much more material. It is also a confirmation
of the intimate contact between RGO and AuNPs, meaning that a real hybrid, with

the instauration of heterojunctions is effectively created and active.

In order to understand which kind of electrode is the best and to try to achieve the
lowest LOD, different measurements were done, by lowering the initial
concentration of arsenic in solution and subsequently adding it in the electrolyte. The
lowest initial concentration of As(IIl) in the cell was achieved as 107 M. The
electroanalytical experiment was then carried out by adding As,Os in solution and
covering the concentration range between 107 M to 10* M. Calibration cutves wete
recorded for the modified C-SPEs with Hybrid, Au and RGO,Au solutions (since
with RGO it was impossible to get results) and the analytical parameters are shown
in Table 5.2.3. As evident from these results, the best material is the Hybrid,
considering all the parameters in one time. In fact, it is the electrode with the highest
sensitivity and the lowest detection limits, both on the first peak (signal relative to
the oxidation of As(Ill)) and on the second one (signal relative to the successive
oxidation of As(III)). These results are promising, since they are in line (in the same
order of magnitude) of the limits imposed by the Directives and Laws on the
maximum amount of Arsenic in public water supplies (ze. 10 ppb as established by
US. EPA). It is interesting to underline the fact that with the layer-by-layer
deposition the results are not comparable to the ones obtained with the hybrid and
in this case it seems a better system the only AuNPs modified electrode. This
observation confirms the importance of having a strict connection between RGO
and Au, which is responsible of an enhancement of the analytical performances of

the system.
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Table 5.2.3: Sensitivity (), Detection Limit (I.LOD) and Quantification Limit (ILOQ) achieved with
the different materials under investigation for the detection of As(III) in PBS 0.1 M.

E =- 0.2V (SCE)
Electrode S/ (A cm? ppm-l) R? LOD / ppb LOQ / ppb
Hybrid 1.8 * 102 0.98 26 80
Au 35%103 0.99 25 76
RGO,Au 52%10+4 0.97 270 820
E =+ 0.4V (SCE)
Hybrid 1.4 * 102 0.98 19 58
Au 7.7%103 0.95 22 67
RGO,Au 1.13% 10 0.96 480 1500

Figure 5.2.11 (a) reports the graph relative to the subsequent additions relative to
the hybrid with the lowest achievable concentration of As(IIl) in solution. Next, in
Figure 5.2.11 (b) the relative calibration curve obtained with results of the second

oxidation peak (+0.4 V (SCE)) is reported.
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Figure 5.2.11: (a) Consecutive additions of As;Oj3 in solution, in the concentration range 10-# to 107
M, (b) calibration curve obtained with the density current values relative to the oxidation signal at
+0.4 'V (SCE).

237



5. Graphene-Metal Hybrids

—— At this point, the experimental procedure

A .
24 ! was tried to be refined repeatedly. It was

found, in fact, that a preliminary Cyclic
Voltammetry step, before the stripping

2 procedure, was beneficial to the

Jj/(mA cm‘:)

electrode. This evidence is probably
0.6

0s related to the fact that, by cycling the

0.0 potential, the AuNPs surface is renewed
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 . .
EvsSCE/V and cleaned, being more available for the

Figure 5.2.12: As(1I) detection in PBS, at detection of As. This fact was found to
the same concentration (57 ppm), with the ) ] )
Hybrid (dark line) and Au (green line) be beneficial especially when dealing

modified electrodes. with the hybrid. In Figure 5.2.12, in fact,
a comparison between the Hybrid and the Au alone, after being treated with CV
after each As(IIl) addition in solution is shown. In this case, the excellent
performances of the hybrid with respect to its single counterpart is evident, also
considering that the concentration of AuNPs, that is the electroactive material, is

much more higher in “Au” than in the “Hybrid”.

Speciation and Detection of As;Os (As(V))

Since for the detection of As;Os good results were achieved, the interest then moved
to the possibility to speciate between the two ions (As(III) and As(V)) and try to
detect also the presence of As;Os in solution (As(V)). A first interesting thing
observed is that it is necessary, in order to detect As2Os in solution, to change the
electrolyte. In fact, by working in PBS no signal were achieved. It was necessary to
open the potential window to wider values, until +1.3 V (SCE), in order to see a
small shoulder, but effectively no clear signal were detectable. Searching in the

20-22

Literature,™ ~ several works reported the detection of Arsenic by working in acidic

media, like HCl or citric acid. For this reason, the electrolyte solution in use was then
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changed in HCI 0.1 M. Surprisingly, the same amount of As;Os added in PBS was

then clearly detectable in HCI, as evident in Figure 5.2.13.
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Figure 5.2.13: As;Os in PBS (dark like) and in HCI
(red line), detected by ASV with a preliminar
reduction step at -0.5 V for 60s and then anodic
scan from -0.4 to +1.3 V (SCE)).
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The evidence that in PBS was
impossible to see As(V) while this
was possible in HCI, lets reasonably
think that simply by changing the
electrolyte solution it is possible to
effectively distinguish between the
two ions present in solution. A
control experiment was carried out:
As(III) was added in HCI solution
and then a stripping voltammetry

was achieved.
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Figure 5.2.14: As;O3 in HCI (a) detected by ASV with a preliminar reduction step at -0.5 V for 60 s
and then anodic scan from -0.4 to +1.3 V (SCE)). (b) Comparison with the previous experiments for

the detection of As(III) in PBS 0.1 M.

As evident from Figure 5.2.14 (a), two clear peaks are present, meaning that As(I1I)

is detectable also in this electrolyte. In order to reach this result, with respect to the

experiment carried out in PBS, it was necessary to change the potential window width
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until +1.3 V (SCE) (Figure 5.2.14 (b)) and to change the accumulation step to -0.5
V (SCE). This step was necessary because at potential values under this limit,
evolution of hydrogen was observed. In this case, in fact, the high amount of
available H" ions in solutions (since the electrolyte is HCI) could be easily reduced
and favour this side reaction. This fact effectively limits the accumulation step of
As(V) onto the electrode platform and it is one of the biggest obstacles encountered
in the detection of such ions in solution. In fact, As(V) needs really low voltage to
be reduced and the accumulation at -0.5 V (SCE) may not be sufficient for the
complete and effective transformation of As(V) to As(0). For this reason, in some
work a previous chemical reduction step is carried out, then followed by an

electrochemical one.”

Since As(III) was detectable in an easy way also in HCI, as it was previously done for
the analysis in PBS, it was tried to achieve the best sensitivity and detection limit with
both the electrodes that are sensitive to this target analyte (Hybrid and Au). The
concentration of As;O3 added in HCl was lowered until a value of 10° M. Table
5.2.4 reports the analytical parameters obtained for both the electrodes, considering

the first signal, at about +0.2 V (Figure 5.2.14 (a)).

Table 5.2.4: Statistical parameters (Range of Linearity, LOD, LOQ, Sensitivity) achieved with the
different materials under investigation for the detection of As(III) in HCI 0.1 M.

Electrode | Range of Linearity / | §/ (LA cm2 R? LOD / ppm LOQ / ppm

ppm ppm)
Au 0.118 -2.29 (162 8) 0.98 | (0.37 £0.02) (1.13 £ 0.06)
Hybrid 0.118 - 4.63 (116 £ 4) 0.98 | (0.63£0.02) (1.89 £ 0.07)

In this case, it is evident how the statistical parameters are comparable for both the
hybrid and the only AuNPs modified electrodes, with slightly better results in the
case of Au. Following experiments, at lower concentrations, were not achievable for
the hybrid and so they will not be taken into account. By the way, excellent detection

limit in this experiments were reached, even if one order of magnitude higher than
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the previous ones obtained with the analysis in PBS. It was possible to lower again
the concentration only with the “Au” electrode and in this case a detection limits of
(5.9 £ 0.2) ppb was achieved, even lower than the one imposed by laws (10 ppb for
As(IIL)) (U.S. EPA). Efforts will be done in order to reach analogous results also
with the “Hybrid” electrode. At this point, in fact, when recording the preliminary
Cyclic Voltammetry, a strange and high resistive behaviour was registered, meaning
that maybe the solution was damaged by changes in temperature and subsequent
changes in the concentration of the colloidal solution, mining the stability of the
same. The following experiments were carried out by using the electrode modified
with only AuNPs, for a practical reason of availability of the materials. However,
since it is defined that Au is effective towards the detection of arsenic, is expected
that also the hybrid will behave in the same way, or even better, like already verified

for the detection of As(III).

As previously done for As(III), also with As(V) it was tried to lower the
concentration of the arsenic salt added in solution, in order to gain the lowest
detection limits achievable. Since with the “Au” electrode it was found that the signal
relative to As(V) was concomitant with the one relative to the oxidation of gold, it
was necessary to perform the subtraction of the background signal to all the
additions, and then to calculate the calibration curve on the differential values of the
current intensities. In this way, it is possible to be sure that the signal calculated is
relative only to the addition of Arsenic and not to the formation of gold oxide. The
lowest achievable addition of As;Os in solution was around 4 10° M. Figutre 5.2.15
(a) reports the consecutive additions of As(V) in solution, while Figure 5.2.15 (b)
shows the relative calibration curve, with the statistical and analytical parameters

collected in Table 5.2.5.
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Figure 5.2.15: (a) Consecutive additions of As;Os in solution, in the concentration range 2.8 ppb to
28 ppb (b) calibration curve obtained with the density current values relative to the oxidation signal
at about +1 V (SCE).

Table 5.2.5: Statistical parameters (Range of Linearity, LOD, LOQ, Sensitivity) achieved with the Au
electrode for the detection of As(V) in HC1 0.1 M.

Electrode | Range of Linearity / | S/ (mA cm?? R? LOD / ppb | LOQ/ ppb
ppb ppmY)
Au 5.69 —28.4 (0.182+0.5) | 0.995 | (2.11+0.06) (6.4£0.2)

Also with this analyte, As(V), it was possible to achieve really excellent LOD, in the

ppb range and so in accordance with the Directives and Laws.

Since good results both with As(III) and As(V) were achieved, an experiment when
both of the ions species were present in solution was done. In fact, the final goal of
the so-created sensor is to be able to detect Arsenic in water, but also to differentiate
between the ionic species, when they are both present. In more details, the detection
of an equal concentration, in two different experiments, of As(III) and As(V) was
done. Then, both the mother solutions of As(III) and As(V) were added, in another
experiment, in order to achieve a comparable global concentration of arsenic with

respect to the “single” proof. The results are shown in Figure 5.2.16.
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Figure 5.2.16: Anodic Stripping Voltammetry of As(III), As(V) and a mixture of the two ions, at the
same concentration, in HC1 0.1 M.

From this proof it is evident how the first signal, at about +0.2 V (SCE) is relative
to the oxidation of As(0) to As(Ill), which is not achieved when starting with As(V)
in solution, or it is achieved in really low amount. No signal is present when only
As(V) is in solution and in the case of the mixture, the intensity of current is the
same as the one achieved when only As(Ill) is in solution, meaning that this is the
only ion that at this potential is re-oxidized. Regarding the second signal, at about
+1V (SCE), it is present in all the three cases and it is in higher amount in the case
of the mixture. This means that the signal is related to the whole arsenic present in
solution, which is reasonably the As(Ill) that is oxidised to As (V), deriving both
from As(Ill) still in solution and to the As(V) that was slightly reduced at that

potential during the stripping procedure.
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Conclusions

In this part of the Thesis Project, a novel hybrid nanocomposite, based on 1-pyrene-
carboxylic acid (PCA) modified RGO flakes and 3,4-dimethylbenzenethiol (DMBT)-
capped gold nanoparticles has been synthesized, via an i situ colloidal route. All the
synthetic parameters and the chemicals involved in the reaction were intentionally
studied and their role was deeply demonstrated with effectiveness. The short
aromatic thiol was demonstrated to be involved in the reduction of Au(Ill) to Au(l),
which is then reduced to Au(0) by NaBHa4. Moreover, the thiol, acting as reducing

and capping agent at the same time, favours the anchorage of the NPs onto the flakes

by m—m stacking interactions, enabling also a potential coupling between the AuNPs
and the RGO flakes. The role of PCA was to couple the AuNPs onto the RGO
sheets, behaving as coordinating agent (like DMBT) and accomplishing a fine control
over the heteronucleation and growth of the AuNPs onto its exposed carboxylic
moieties. In general, PCA contributes in narrowing the nanoparticles size

distribution (which were finally distributed in the range of 2-3 nm mean size).

The created hybrid was demonstrated to be particularly suitable for the detection of
Arsenic, one of the most toxic and dangerous pollutant in water. Excellent detection
limits were achieved, in the same order of magnitude and sometimes even lower than
the limits imposed by the Directives and Laws. It was demonstrated also the
possibility to speciate between As(IlI) and As(V), by changing the aqueous media in
which the experiment is carried out and accordingly adjust the experimental

conditions.

In general, the enhanced performances of the hybrid with respect to the single
counterparts were highlighted. This fact could be due to the suitable distribution of
gold nanoparticles onto the graphene platform, which acts not only as a simple
spectator, but it enhances the response of the material toward the analyte, thanks
maybe to the instauration of particular diffusional mechanism, like the convergent

diffusion and thin layer effect. The intimate contact between gold and graphene is again
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underlined, verifying the previously mentioned ekctron coupling between the two

matetials.

The high performances of the materials open also the venue of other future

application in metal-doped graphene Field-Effect-Transistors (FETSs), other sensors,

(photo)catalysts, memory devices, photodetectors and photovoltaic cells.
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5.3 Gold and Graphene Hybrids for Biosensing

This part of the work was developed at ICN2 (Instut Catala de Nanociencia y
Nanotecnologia), Barcelona, in collaboration with Prof. Dr. Arben Merkogi.

Focus

Over the last decades, the research interests have been focused onto technologies to
facilitate diagnostic, drug discovery, food safety, defence, security and environmental
monitoring.”” Within these technologies, biosensing has become an important
approach, since biosensors are highly selective and sensitive. Moreover, they provide
fast results and have easy-to-operate capabilities. A part from all these advantages,
biosensing techniques could suffer from the disadvantages of being expensive. In
order to overcome this fact, the implementation of nanomaterials in biosensing
platforms has opened the venue to a plethora of new applications and performances.
In addition, the possibility to use abundant flexible substrates, like plastic or paper,
could drop the cost of the techniques being suitable for the most variable
applications, from sensing to electronics and optics.” In this context, nowadays,
printed technologies are implementing new emerging materials and developing new
patterning techniques with the possibility to produce ubiquitous flexible, cost
effective and easy of manufacturing devices. These has led to the evolution of new

systems such as flexible displays, NFC tags, wearable devices and so on.**

In such a context, considering all together the advantageous tools of printing
techniques, the possibility to use flexible substrates and the final goal of biosensing,
it is important to underline the power of graphene and graphene related materials.’
Graphene is intended as layer of carbon atoms packed into a honeycomb lattice.
Thanks to its 2D structure it exhibits unique electronic, optical, magnetic, thermal
and mechanical properties, becoming an interesting and novel sensing material, as
already mentioned in the Introduction of Chapter 5 and 6. In the particular field of
biosensing, pristine graphene, polycristalline graphene, graphene quantum dots

(GQDs) and (reduced) graphene oxide (GO and rGO) are the most commonly
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involved graphene derivatives. GO is a lattice of sp® catbon atoms incorporating
defects since it is disrupted by sp’ carbon bonds and possesses oxygen-containing
groups (carbonyl, carboxyl, hydroxyl, epoxy groups on the exposed edges or on the
basal planes). rGO is composed by GO after being reduced through chemical or
physical routes.® Depending on the final application, it can be obtained in aqueous
dispersion (and this represents a huge advantage for biosensing applications) or in
powder. It can also be reduced directly onto the specific substrate, if the final
application does not requires transparent devices, otherwise a transfer procedure is
needed, often requiring the use of solvents and chemical pre-treatment of the specific

substrates.’

In this part of the Thesis Project, considering all the above-mentioned needs in the
research field, a new technique for direct patterning and rGO transfer to flexible
substrates (particularly plastic and paper-based ones) have been developed. A specific
design was laser scribed onto a GO layer previously deposited onto a nitrocellulose
membrane. Then, only the reduced part is transferred avoiding any treatment of the
final substrates. Particularly, electrodes transferred on PET and nitrocellulose were
developed. They were at first electrochemically characterized and then they were
applied, as bare graphene electrodes, in the detection of dopamine. Particularly,
nitrocellulose-based devices were then used for the development of immunoassays.
The possibility to directly transfer the rGO platform onto nitrocellulose paper was a
great deal in the possibility to directly functionalize the electrodic platform with the
biomolecule under investigation, exploiting the high affinity of nitrocellulose to such
materials like antigens and antibodies. The final device was an immunoassay in which
the secondary antibody was functionalized with gold nanoparticles and the activity
of such electroactive material toward the HER catalysis was exploited in biosensing

applications.

250



5. Graphene-Metal Hybrids

Materials and Methods
Electrodes Preparation: Printing Procedure

Graphene Oxide suspension (Angstrom Materials, solution N002-PS-1.0, 10 mg/L)
was diluted in Milli-Q water (Purelab Option-Q)) in different concentrations. All the
aqueous solutions were filtered with a vacuum pump through nitrocellulose
hydrophilic membranes, with a pore size of 0.025 pm and 47 mm of diameter. The
as prepared GO membranes were finally dried with N» flux and placed onto a CD
by a double adhesive tape. The CD were then placed face down into a DVD-burner
enabled with lightscribe technology. Thanks to Corel Draw software the electrodic
pattern was designed and the reduction process proceeded thanks to laser technology
(780 nm length, 600 dots per inch of resolution). The reduced pattern was then
transferred on new substrates, previously subjected to a plasma cleaning (Harrick

Plasm), using a laboratory hydraulic press machine (12 Tons of pressure).

For the particular preparation of electrodic platform, GO solution of 0.4 mg mL." in
a total volume of 5 mL was filtered. Then, five reduction steps were chosen as best
parameters. After the printing procedure, the final design was transferred on two
different substrates: poly(ethylene terephtalate) (PET) film and nitrocellulose paper
(8 pm, CNPF-SN12, 25 mm, ADVANCED MICRODEVICES PVT. LTD.). Silver
paste ((C2100203D2), Gwent group/Sun Chemical (Pontypool, U.K.)) was used to
make electric contacts and a layer of grey dielectric paste ((D2070423P5), Gwent
group/Sun Chemical (Pontypool, U.K.)) was printed in order to insulate the working

part and avoid possible contacts between the solution and the electric component.
Physico-Chemical Characterizations

Magellan 400L. XHR SEM (FEI, Hillsboro, OR) and Quanta 650FEG ESEM (FEI,
Hillsboro, OR) were used to performed SEM and EDX analysis, while the film
thickness was measured with a profilometer (Alpha Step D-500 Stylus Profiler, KILA-
Tencor) and Asylum MFP-3D Atomic Force Microscope. The reduction efficiency
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was assessed via XPS measurements, using a Phoibos 150 hemispherical energy
analyzer (SPECS GmbH, Berlin, Germany), and confocal Raman spectrometer
equipped with a 488 nm laser, with 1.5 mW power, grating 600 gr/nm and objective

50x. Every single spectrum was collected for 10 s and 3 accumulations.
Electrochemical Characterizations and Electroanalytical Applications

All the the electrochemical measurements were performed using an AutoLab
PGStat302 connected to a computer equipped with the software NOVA 2.1.3
(Metrohm AutoLab). The electrodes were electrochemically characterized by means
of cyclic voltammetry (CV) in presence of [Ru(NH;)¢|Cl; (Sigma Aldrich) and
K4[Fe(CN)¢] (PanReac AppliChem, ITW Reagents) as redox probes, in a 0.01 M
phosphate buffer saline solution (PBS) as supporting electrolyte. PBS was prepared
starting from pallets (Sigma Aldrich) dissolved in Milli-Q water (Purelab Option-Q).
CV was performed in a potential range between -0.8 V and +0.5 V (Ag pseudo
reference) for [Ru(NH;)¢]Cls and from -0.8 V to +1 V (Ag) for K4[Fe(CN)¢]. The

scan rate was varied in the range from 10 mV s'to 750 mV s

The electrodes were involved, as a preliminary proof of concept, in the detection of
dopamine hydrochloride (Sigma Aldrich) in a concentration of 10™* M, prepared in
PBS, using differential pulse voltammetry (DPV) as electroanalytical technique. The
potential was scanned between -0.2 and +0.6 V (Ag) with a pulse of 5 mV and an
amplitude of 50 mV.

Biosensor Preparation

o _AuNPs Synthesis

20 nm AuNPs were synthesized following the already known Turkevich method."
Briefly, 50 mL of 0.25 mM HAuCl, is heated up until boiling point under vigorous
stirring. Then, 1.25 mL of 1% sodium citrate is added quickly to the solution. At this

point, a gradual changing of the color of the solution is observed passing from purple
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to bright red. At this point, the heating is switched off. Finally, the solution is cooled

down and stored at 4°C.
o _AuNPs Conjugation to anti H-IgG antibody

1.5 mL of 20 nm AuNPs previously synthesized were mixed with 100 pL of 250
ng/mL antibodies (Anti-Human IgG, whole molecule, antibody produced in goat,
Sigma Aldrich), following a previous procedure developed in the group. The Gold
Aggregation Test (GAT) previously conducted verified this concentration of
antibodies as sufficient to cover the whole AuNPs). Then, the solution was shacked
overnight, with a ThermoShaker (VELP), at 4°C, 650 rpm. The day after, 100 pL of
Bovine Serum Albumine (BSA) 1 mg mL" was added as blocking agent and shacked

for 20 minutes in the same condition as before. Finally, the AuNPs were centrifuged

at 14000 rpm for 30 minutes at 4°C. The NPs were suspended in PBS, pH 7.4.

o Immunoassay Creation

The nitrocellulose-based electrodes were subjected to several steps in order to create
the final immunoassay. At first, a drop of 4 pL of different concentrations of the
antigene H-IgG was placed onto the working electrode and let it dry for about 30
minutes. Then, a drop of 4 pL of blocking agent (ETA or BSA, Sigma Aldrich) was
placed onto the working electrode and let it dry. The electrodes were then washed
three times in PBS (pH 7.4). At this point, 4 pL. of the conjugated AuNPs with the
antibody anti-H-IgG are added and let it dry. The electrode is finally washed three
times in PBS (pH 7.4).

o Electrochemical Proof

The as-prepared biosensors were then used as electrochemical platform. 60 pl. of
HCI 0.5 M were placed onto the electrode (which actually behaves as a complete

electrochemical cell, being equipped with a working (WE), counter (CE), and
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reference (RE) electrodes) and a chronoamperometry at -1 V (Ag) was recorded for

300 s.

Results and Discussion

Physico-Chemical, Electrochemical Characterizations and Electroanalytical

Applications

The concentration of GO solution filtered onto the nitrocellulose membrane and
the number of reduction steps to which the as-prepared membrane was subjected
were deeply studied and optimized, in order to obtain a high thickness control and
to ensure the transfer of only the outermost rGO layers. Different reduction steps
(and also different GO concentrations) were tested. SEM images of the different
materials showed that the most uniform surface was achieved with samples that were
reduced five times. Moreover, using a four-point-probe method an in-depth electrical
analysis was performed allowing us to follow the evolution of the conductive
behaviour of the material while varying the concentration of GO and the degree of
reduction. From a contour map it was possible to see the conductivity trend for
different concentrations of GO in a 5 mL solution as the number of reduction steps
increases For concentrations lower than 0.1 mg/mL it was not possible to obtain
good results since the reduction process was too aggressive for the thin surface: it
was immediately damaged, the transfer was not homogeneous and the result was a
non-conductive material. On the contrary, for concentrations higher than 0.8
mg/mL the rGO layer transferred was too thick and the conductivity was very low.
For concentrations between 0.3 and 0.7 mg/ml, the conductivity of the material
increases with the number of reduction steps until the degree of reduction reaches a
threshold value. The best and most stable result is obtained for concentrations
around 0.4 mg/mlL five times reduced. Results were also compared with Raman

(Figure 5.3.1) and XPS analysis.

Before the transfer process onto PET and Nitrocellulose, these two substrates were

cleaned into an oxygen plasma cleaner, in order to remove dust and other residues
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from their surface. Moreover, this process could also lead to the formation of surface
functional groups which can then interact with the oxygen functionalities eventually
present as residues in the rGO pattern, enhancing the transfer process. The
membrane with the pattern-reduced GO is fixed faced down onto the selected
substrates with adhesive tape. The created sandwich is put between PDMS discs and
after that pressed with a hydraulic press machine. In this way, the only reduced part
(the outermost layers) are transferred into the new substrates and separate from the
GO mesh, which remains attached to the membrane. It was found that lowering the
GO initial concentration and enhancing the reduction steps lead to a complete rGO
transfer. GO is reduced because it is already known that rGO possesses higher
performances when applied in electronics and sensing applications, starting from its
enhanced conductivity and its lower concentration of defects.'"'? In this particular
case, the laser of the DVD burner used to reduce GO acts at 780 nm, whete
photothermal processes are responsible for the reduction. It means that the laser
locally reduces GO by heating its surface and then changing GO structure and

bonds."
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Figure 5.3.1: Raman Spectrum of the tGO membrane reduced for five times.
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The effective structure of the obtained reduced graphene oxide film was investigated
via Raman spectroscopy (See Figure 5.3.1). In such spectra the characteristic G band
at 1580 cm™ and D band at 1350 cm™ are present. The I /I ratio, that gives an index
of the disorder of graphene-based materials, decreases as the number of reduction
steps increases. This may be due to the removal of the oxygen-functional groups and
to the restoration of sp” domain. The strong increase in the 2D band intensity further

supports this behavior.

Other spectroscopic techniques (AFM, XPS) were involved in order to study the
physico-chemical properties of the device, but this is out of the particular topic of
this PhD Thesis, since the selected material was then further used for other

application in electronics and optics.

As previously reported, the rGO patterns were transferred onto PET (hereafter
shortened as “rGO on PET”) or Nitrocellulose (hereafter shortened as “rGO on
NITRO?”) substrates, in order to be used as electroanalytical platforms. Figure 5.3.2

reports the final hand-made devices.

(®)

Figure 5.3.2: Final devices on PET (a) and Nitrocellulose (b).
Electrochemical characterizations of the rGO electrodes were performed in the
presence of the so-called “Guner sphere” (Ku[Fe(CN)e|) and “outer sphere’
([Ru(NH3)6]Cls) redox probes. These definitions are relative to different mechanisms
involved between the electrode (a carbonaceous material) and the redox probe
present in solution. With “outer sphere”, it is defined a molecule that interacts only
with the electronic density of state (DOS) of the electrode. On the contrary, an

“inner sphere” redox probe is a molecule that is sensitive also to the surface structure
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of the electrode itself and not only to the DOS of the material."""® The differences
in the behaviour of the electrodes with these molecules let suppose and conclude
that differences in the surface structure are present, which could be exploited for

electroanalytical and sensing applications in general.

Figure 5.3.3 reports the comparison between the two different electrode platforms
towards IK4[Fe(CN)g| (a) and towards [Ru(NH;)e|Cl; (b), respectively. What it can be
immediately seen is that the most appreciable difference between the two materials
are visible when dealing with the zuner sphere redox probe, being this molecule
effectively affected by changes in the surface structure of the electrode. Such
difference let us suppose that a different surface structure of the materials is present,

when dealing with PET or NITRO substrates.
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Figure 5.3.3: Cyclic Voltammetries (CV) of the different electrodic platform recorded in 0.01 M PBS,
at 50 mV s, in the presence of 3 mM of K4[Fe(CN)g] (a) and [Ru(NH3)6|Cl; (b).

In particular, looking at the response with the inner-sphere redox probe, on the
anodic (forward) peak position and current, it is evident a strong effect of both
electrocatalysis and electroactivity when dealing with PET substrates. It seems that
in this case, the amount of edge planes is higher with respect to the one of
nitrocellulose, where more basal planes are expected by looking at its response
towards the redox probe. It could be that, in the case of nitrocellulose, that is a more
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porous material, the transfer of the rGO surface is more effective and creates a final
homogeneous layer. On PET, which is a less porous material, it could happen that
the transfer procedure is less complete and leads to more flakes than homogeneous
layer, resulting in a higher amount of edges. This is evident also from SEM image in
Figure 5.3.4, where in the case of PET (a) the transfer is not completely
homogeneous and there is not a perfect adhesion of the rGO to the substrate like in

the case of nitrocellulose (b).

Figure 5.3.4: SEM Images of the rGO transferred onto PET (a) and Nitrocellulose (b) platforms.
It is known that the edge planes in a graphene-like structure are more active than
basal planes and in fact this reflects in anticipated peak positions and higher current
density values. The current values are normalised for the geometric area of the
electrodes, which is 0.07065 cm’. The effective surface area was calculated by
applying the Randles-Sevcik equation I,, = 2.69 - 10754D "/ [A]v°%3, assuming to
be under perfect reversible behaviour and in a complete diffusive control. In the
equation, I, is the current intensity at the maximum, A4 is the electrodic area (to be
calculated), D is the diffusion coefficient of the molecule under investigation, [4] is
the concentration of the probe and » is the voltage scan rate. The characterizations
were done in the presence of 3 mM ([A]) [Ru(NH;)¢|Cl3 (D = 6.5 - 10° cm®s™)," by
varying the voltage scan rate and calculating the relative current intensities of the

cathodic peak. The effective area resulted equal (considering the error range) for both
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the nitrocellulose ((0.7 + 0.1) cm?) and PET ((0.7 * 0.2) cm®) electrodes and one
order of magnitude higher than the geometric one, being representative of a high
number of defects and roughness of the surface with respect to the bare substrates.
By the way, since both the geometrical and the effective areas were the same for PET
and NITRO electrodes, it was decided to leave the density current values as

normalized for the geometric area.

The PET and NITRO rGO based electrodes were characterised by varying the
voltage scan rate, on the background (0.01 M PBS solution, pH 7.4) and in the
presence of 3 mM of the two redox probes. By observing how the capacitive current
(background current) varies with the voltage scan rate it was possible to calculate the
Capacitance (C) of the electrodes, while from the elaboration of the data in the
presence of the probes it was possible to gain more information on the diffusional
mechanism and on the electrochemical reversibility or irreversibility of the reaction.
In particular, linear dependency of the oxidation cutrent values of the Fe(IT)/Fe(I1I)
redox probe versus 2 for the two different types of electrodes was found. This fact
could be responsible for both a reversible than an irreversible system. The fact that
the peak-to-peak distance (AE,) varies with the scan rate, together with the wave
shape of the oxidation peak (that is the E, - E,. value), is the evidence of an
irreversible or quasi-reversible electrochemical behaviour. AE value for all the
hybrids recorded at 0.1 V s is reported in brackets: the highest values are recorded
for the nitrocellulose based systems, especially in the presence of potassium
ferrocyanide probe, being this materials the ones with the most marked
electrochemical irreversibility behaviour. Moreover, by plotting log(s) »s log(») a
deviation from the perfect linear diffusion behaviour is observed. In fact, the slope
of the curve (o) is lower than 0.5, meaning that other diffusional mechanisms (maybe
convergent or thin layer diffusion) are here present. These considerations are done also
with the Ru(III)/Ru(Il) redox couple, observing in this case parameters closer to the
conventional ones, confirming once more the independency of the electrochemical

behaviour of this probe toward the surface structure of the electrode. Regarding the
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Capacitance values, they are similar for both electrodes, being the same order of
magnitude, a little bit higher for NITRO than for PET. By the way, the values are
really low meaning that the capacitive current is not an obstacle to the observation
of Faradaic phenomena towards the electrode and so the devices act as suitable

sensing platforms.

Table 5.3.1: Analytical Parameters derived from the electrochemical characterizations of the rGO
platforms in 0.01 M PBS, as background electrolyte solutions, and in the presence of two different
redox probes, namely Ky[Fe(CN)¢] and [Ru(NH3)4]Cls.

rGO on PET rGO on NITRO
Capacitance (5.24 £ 0.07) - 100 F (7.8 £0.1) - 100 F
K4[Fe(CN)e]
a (0.31 £ 0.02) (0.53 £ 0.03)
(log(?) vs log()) slope
AE,, Scan rate dependent Scan rate dependent
(0.1V s1: 221 mV) (0.1V s: 534 mV)
E,-E,;» Scan rate dependent Scan rate dependent
[Ru(NH3)6] Cls
a (0.460 £ 0.004) (0.46 £ 0.02)
(log(?) vs log()) slope
AE,, Scan rate dependent Scan rate dependent
0.1V s™: 162 mV) 0.1V s: 171 mV)
E,-E, ;> Scan rate dependent Scan rate dependent

In order to understand if these electrodic platforms are effectively performant, a
comparison in the response with other Carbon Based Screen Printed Electrodes on
plastic support (C-SPEs on PET), commonly involved in the group was done and
the results shown in Figure 5.3.5 (a). The response towards the zuner sphere redox
probe Ky[Fe(CN)¢] was done and a strong effect of electrocatalysis and electroactivity
was observed. In this case, it is reasonable to assert that the electrodes are made of a
more performant material from the electrochemical point of view, namely rGO

instead of normal Carbon Ink.
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The excellent properties of the rGO electrodes with respect to the conventional C-
SPEs were also verified by an experimental proof of concept. The electrodes were
used to detect dopamine and their response, at the same concentration of the analyte
(10* M in 0.01 M PBS, pH 7.4) is compared in Figure 5.3.5 (b). The electroanalytical
technique is, in this case, a Differential Pulse Voltammetry (DPV). It is clearly
evident how, in the case of the rGO electrodes, a four-time higher current response
is registered. Also in this case, the values are normalized for the geometric area, since
not so many differences were calculated for the three different electrodic platforms
in terms of effective area. This huge result effectively confirms the enhanced
performances of the graphene-based electrode as electroanalytical sensor; the high
current response of the devices let reasonably suppose that the concentration of the

analyte could be lowered and lowered until the best LOD for the technique is found.

The electrodes resulted to be really reproducible and stable over time. It was possible
to perform characterizations over several hours. The only thing to be kept in
consideration is the evaporation and absorption of the solvent, especially in the

nitrocellulose electrodes.

0.9
() 0074 (b)
06 ——C-SPE on PET
\ 0.06 4 — GO on PET
—— GO on NITRO
0.3 "j
[ 7004
| 5
0.0 / <
P = 0.03
031 7 ~
0.01 4
0.6 \/ ———1GO on PET
| C-SPE on PET 0.00
-0.94
T T T T T T T T '001 T T T T T T T
08 06 -04 02 00 02 04 06 08 1.0 02 01 00 01 02 03 04 05 06
EvsAg/V EvsAg/V

Figure 5.3.5: (a) CV of the rGO PET platform compared with C-SPE on PET, in the presence of
3 mM K4[Fe(CN)g, at 50 mV s1,in 0.01 M PBS (pH 7.4). (b) DPV of the two rGO electrodes
compared with the C-SPE on PET, in the presence of 10 M of dopamine, in PBS 0.01 M (pH 7.4).
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Biosensing Applications

The synthesized rGO electrodes, after being deeply characterized both from a
physico-chemical and electrochemical point of view, were used to build, finally, a
biosensor. In this case, the electrodes under investigation are the ones with
Nitrocellulose as substrate. The negatively charged nitrate groups of this support are
the most important functional groups able to interact with biomacromolecules (such
as antigens and antibodies) which are typical positively charged proteins due to the
amino acids in their structure. The connection can occur simply to nitrate ester by
electrostatic bonds."” The activation of the substrate,” usually known as a procedure
able to increase the capacity to capture biomacromolecules, it is however time
consuming and can be in this way avoided.

A scheme of the final device is reported in Figure 5.3.6, showing how an antigen
(H-IgG) is directly attached to the electrodic platform, then an antibody (anti- H-
IgG), labelled with AuNPs is attached to the selected antigen. The presence of gold
nanoparticles is then exploited for their ability to catalyse the Hydrogen Evolution
Reaction (HER). A higher amount of AuNPs reflects in a higher concentration of

the antigen, which is observed by an enhancement of the chrono-current registered.

+

H H2
7
.De @ @
I)Cg\ /}Cg\ é\\ :qul;s labelled anti-H-I2G

Nitrocellulose Substrate
Figure 5.3.6: Schematic Representation of the created Immunosensor.
The created biosensor is, in particular, an mmunosensor, a sensor in which the
recognition is obtained by Affinity Interactions. These interactions involve reversible
multiple binding of two chemical species through noncovalent bonds (ionic bonds,

hydrogen bonds and Van der Waals interactions). The product of an affinity
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interaction is a molecular association complex, which is formed only if the involved
species are complementary with respect to shape and chemical reactivity. A real
example of affinity interaction is, in fact, the antigen-antibody interaction, which is an

immunochemical reaction. >

The experimental procedure to create the immunoassay was previously reported in
the “Materials and Methods” Paragraph. The first step is the deposition, via drop
casting, of the antigen (in different concentrations) on the electrode platform. In

order to understand if the antigen is effectively attached to the surface of the

4.0 .o
electrode, it is a common procedure to
3.54
= GO
. . GO 115G 100g/mL record an Impedance spectrum (EIS)
1 before and after the addition of the
o 2.5
é molecule, in the presence of a redox
kv 2.04
1S . probe, in this case Ki[Fe(CN). The
Pl L]
b o o 2 ° b . .
ol T attachment of the antigen reflects in an
- p I...- .
054 (L enhanced charge transfer resistance,
0.0 e which is wvisible from the increased
00 05 10 15 20 25 30 35 40
7'/ (kQ em) diameter of the semicircle in the

Figure 5.3.7: Complex plane plot of the
bare tGO (dark dots) and of the antigen-
modified one (red dots).

Complex plane plot. This effect was

observed and it meant that the

functionalization of the electrode surface was effective (see Figure 5.3.7).

After the deposition of the antigen, a blocking step is necessary. In fact, it is
important to cover the surface of the electrode that is not functionalized with the
antigen, in order to prevent unspecific attachment of the secondary antibody directly
onto the electrode and not onto the target antigen. Two different blocking agents
were tried, at first ETA (Ethanolamine) and then BSA (Bovine Serum Albumine). In
both cases an effective blocking step was achieved. As an example, Figure 5.3.8
reports the effect played by different concentration of BSA. A chronoamperometry

of the bare rGO electrode, as blank, was registered. Then, an rGO modified directly
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with AuNPs labelled anti-H-IgG, without any blocking step, was used as the other

reference. In the middle, different concentrations of BSA on different electrodes,

which are then functionalized with the AuNDPs-labelled antibodies, were tried. The

goal is to reach the same current obtained with the electrode that is non-blocked and

non-functionalized with AuNPs-labelled antibody (rGO in the Figure). In this case,

in fact, it means that the blocking step is effective and no antibody is effectively

attached to the surface of the electrode. In the present work, a concentration of BSA

equal to 0.5 % was found to be necessary in order to get a complete blocking of the

0.5
0.0
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Figure 5.3.8: Chronoamperometry of different electrodes

blocked with higher amount of BSA.

surface. This is evidenced
in a better way if looking at
the current intensity values,
registered at 150s, for all
the different electrodic
platforms. It is clear that
from a concentration of
0.5% of BSA the intensity
current values of the bare

rGO are comparable with

the blocked ones.

Table 5.3.2: Intensity current values (at 150 s) of the electrodes blocked with different
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concentrations of BSA.

Electrode 1/ mA (at 150 s)
rGO -2.79
tGO_BSA 0.05%_antiHIgG-AuNPs -8.27
rGO_BSA 0.1%_antiHIgG-AuNPs -37.4
rGO_BSA 0.5%_antiHIgG-AuNPs -1.93
rGO_BSA 1%_antiHIgG-AuNPs -1.76
rGO_BSA 2%_antiHIgG-AuNPs -1.91
rGO_antiHIgG-AuNPs -82.2
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Once that the blocking step is performed, the next
modification is with the AuNPs-labelled
antibodies. Also in this case the procedure is
explained in the previous paragraph. Figure 5.3.9

reports a TEM image of the gold nanoparticles

synthesized, confirming their dimensions of about

Figure 5.3.9: TEM Image of 10-20 nm.
the synthesized AuNDPs.

When the immunosensor is complete, a chronoamperometry at -1 V (Ag pseudo
reference), for 300 s, in HCI 0.5 M was recorded. The use of the acidic media was

necessary in order to let the nanoparticles active towards the HER.

A first preliminary test was recorded using an antigen concentration range between
0.2 and 0.6 pg mL". In this case (Figure 5.3.10 (a)), the linearity is maintained
between 0.2 and 0.5 pg mL" (Figure 5.3.10 (b)) and the electrodes showed a good
reproducibility, giving the same results in a triplicate experiment. The intensity

current values, to get the calibration curve in Figure 5.3.10 (b) were registered at

150 s.

@, b
a
~50 - fﬁ ( )nﬁ
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150 =504
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g -250 4 ‘é_ 1504
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Figure 5.3.10: (a) Chronoamperometry at different concentration of antigen H-IgG. (b) Linearity
obtained for the range 0.2 — 0.5 pg mI-1,
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These good results let reasonably think that it is possible to lower the concentration
of the antigen in order to get the best LOD for the technique, that is still far from
other work in the Literature.”” Unfortunately, several problems were encountered in
the repetition of the analysis. It was found later that a beneficial step, in order to get
a stable and reproducible current, is represented by a preliminary oxidation before
the chronoamperometry at reducing potential. In fact, thanks to this passage, some
gold atoms in the outer layer of AuNPs surface are transformed into Au(IIl) ions.

These ions could also exert a catalytic effect on hydrogen evolution.”

Conclusions

In this part of the Thesis Project, graphene based materials were used for the final

construction of an immunosensor, in which the role of AuNPs was determinant.

At first, a novel route to produce and print the electrodes was optimized, then, a
deep physico-chemical and electrochemical characterization of the electrodes was
done. The novelty of the work is in the possibility to transfer onto the selected
substrate only the reduced part, obtained by laser irradiation, from a mesh of
Graphene Oxide. The rGO electrodes were transferred onto different supports, in
particular PET and Nitrocellulose paper. They resulted in being more performant
than other C-SPEs normally involved in the group, both in terms of electrochemical
activity and catalysis and also in the response toward a target analyte, which was

selected to be dopamine.

The Nitrocellulose electrodes were then used to construct an immunoassay, in which
the antigen was directly attached onto the paper support and then it reacted with the
related antibody. Such an antibody was labelled with gold nanoparticles, which act as

electrocatalytic reagent towards the Hydrogen Evolution Reaction.

Good results were obtained and paved the way towards the use of these devices in a
plethora of applications involving flexible substrates, from sensing to electronics and

optics, passing through the novel field of wearable devices.
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Introduction

In recent years, many efforts have been focused on the implementation of solution-
based procedures for the synthesis of hybrid materials to be integrated in electronic
and optoelectronics devices (field effect transistors (FET), photodetectors, light
emitting diodes, etc.) and sensors.'” The use of carbon-based devices, in particular
graphene based ones (pristine or on its derivative forms), has widespread in this
context thanks to the attractive and outstanding properties of such fascinating
material. To mention some: high surface area, optical transparency in the visible and
NIR spectral range, high mobility and low recombination time of charge carriers
photogenerated under light illumination.” The high reactivity of graphene and
graphene-based materials opened the venue to a large variety of strategies of
hybridization by means of molecular decoration approaches. This is done in general
to enhance the pristine functionalities of graphene and extending its potential
applicability. In this context, the decoration of graphene with colloidal nanocrystals
(NCs) is rapidly growing, since this approach is responsible for a combination of the
functionalities of the carbonaceous platform with the original size-dependent
properties of the nanosized inorganic matter.* Colloidal nanocrystals are particularly
suitable in this field because they are normally surface functionalized with
surfactants, whose chemistry can be tuned by implementing suitable ligand exchange
procedures. Moreover, they allow to immobilize nano-objects on different surfaces
and create in this way hierarchical structures * with outstanding and new properties
from the single components, to be conveniently exploited in the final devices.® In
recent years, the type of nanocrystals often involved in the construction of graphene-
based hybrids are semiconductor materials. The general aim is to implement them in

271" In such nanocomposites,

solar cells, sensors, (bio)imaging and photodetectors.
thanks to the creation of a proper interface between the nanocrystals and the
graphene platform, the electron coupling between the components is allowed and

assisted, as well as the charge transfer process from the photo-excited NCs to the
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aromatic compound. The result is a hybrid with a photoresponse ranging from visible

to infrared and a conductivity increased with respect to that of bare graphene.*’

The manufacturing of such objects can be done following different routes. These
can be divided essentially in two main families: ex s/ or in sitn approaches. With the
first approach, pre-synthesized highly crystalline colloidal nanocrystals are bound by
means of molecular linkers to highly crystalline graphene. In this case, the synthesis
of the nano-objects is done in a separated moment from the effective
functionalization. With the second approach, on the contrary, the semiconductor
and graphene precursors are mixed together: NCs nucleate and grow directly onto
the graphene oxide platform, which can be possibly transformed into reduced
graphene oxide." In a different way, the iz-sitn synthesis of the nano-objects can be

done directly on pre-existing graphene sheets."

In the following Chapters 6.1 and 6.2, both the ex siz# and the zn situ techniques for
the manufacturing of graphene-semiconductor hybrids will be considered. In the first
case, CVD-graphene modified with colloidal TiO, NCs will be the subject, while in
the second case, Reduced Graphene Oxide platform modified, in situ, by PbS
colloidal NCs will be the object of the study.
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6.1 CVD-Graphene/PBA-TiO, NCs Hybrids

Focus

Objects of the study of this Chapter are hybrids based on graphene and titanium
dioxide nanocrystals. The excellent properties of graphene have been already
discussed in the Introduction of Chapter 5 and 6. For what concern TiO,, already
involved in another hybrid in this Thesis Project (see Chapter 4), it is a high band
gap semiconductor, widely used in electrochemical sensors, solar cells and
photocatalytic systems for its low toxicity, optical transparency, low cost,
biocompatibility, photostability and for its photocatalytic and photoelectrochemical

activity."?

Colloidal nanocrystals (NCs), prepared by means of solution-based colloidal
chemistry routes, are functional nano-objects, exhibiting unique size- and shape-
dependent properties, extremely flexible for chemically decorating graphene, and
hence, for transferring to it the functionalities of the inorganic nano-sized matter,
promising for advanced technological applications.” The surface of the colloidal
NCs is here coated by surfactant molecules, whose chemistry can be modified by
means of surface functionalization procedures for modulating interactions of the

nano-objects towards specific surfaces or other nanostructures.

The synergistic combination of the properties of the TiO, NCs with those of carbon
based nanostructured compounds has been found to provide hybrid materials with
enhanced electrical conductivity, photoelectrical  conversion  efficiency,
photocatalytic properties and environmental stability.” Indeed, on one side, the
charge scavenger property of carbon based compounds decreases the recombination
rate of photogenerated hole-electron pairs in TiO,, and on the other hand, the
photoexcited charges transferred to the carbon nanostructure improve its charge

transport properties due to charge trap screening and doping effects.® The interface
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between graphene and TiO, NCs is expected to play an essential role in determining

the electron coupling of the <:ornponer1ts.7

In this part of the PhD Thesis work, CVD-grown graphene systems decorated with
colloidal TiO, nanocrystals are the hybrid materials under investigation. The hybrids
are synthesized with particular attention on the number of graphene layers, from
monolayer to pentalayer, and on the effect that these differences in the carbonaceous
platform have on the electrochemical performances of the final device. In particular,
starting from a previous work focused on the structural and electrochemical
differences between monolayer and bilayer graphene,’ the research is here expanded
on the study of tri- and penta-layer graphene. It is known, in fact, that the properties
of graphene, especially its electrochemistry, are strictly dependent from its number
of layers. From five layers of graphene, it is more likely to have a graphite-like
structure instead of graphene, with a strong difference in the ratio between basal and
edge planes with respect to the single-layered graphene hybrids, reflecting in different

sensing and catalytic activities.

The application of these materials as photoanode, at first, and in general as
electroanalytical sensors for neurotransmitters (dopamine, norepinephrine) are
finally the topic of this Chapter. For more details on the interest about the detection

and the properties of such analytes, see Chapter 5.1.
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Materials and Methods
Chemicals

For the synthesis of the hybrid materials, oleic acid (OLEA, 90%), titanium
tetraisopropoxide (Ti(OiPr); or TTIP, 98.9%) and trimethylamino-N-oxide
dehydrate (TMAO, 98%) were purchased from Fluka. 1-Pyrene butyric acid (PBA),
methanol and chloroform were purchased from Aldrich. All the reagents were used

as the highest purity available and as received.

For the electrochemical characterizations and applications, NaClO, (ACS reagent,
298%), [Ru(NH;)|Cls and Ky[Fe(CN)¢] were purchased by Sigma Aldrich. Phosphate
Buffer Solution was prepared from Na,HPO, (Sigma Aldrich) and KH,PO, (J. T.
Baker Chemicals B.V., Denver, Holland). Dopamine Hydrochloride was purchased
from Fluka, L-norepinephrine (=98%) and Ascorbic acid were purchased from

Aldrich.
(OLEA)-TiO; NCs synthesis

The synthetic procedure to produce TiO; nanocrystals involved dried and degassed
reactants and it was conducted under N, atmosphere, at low temperature (80-100
°C).* The TiO; precursor (TTIP) hydrolysis was conducted in the presence of the
surfactant OLEA, in ethylene glycol and with the addition of TMAO base as catalyst
for the polycondensation reaction. The as-prepared TiO, nanocrystals coated with
OLEA were isolated from the reaction mixture by precipitation with methanol and
were finally dispersed in chloroform in order to obtain optically transparent

solutions.”
(PBA)-TiO; NCs synthesis

The previously prepared OLEA-TiO; nanocrystals were washed repeatedly with
methanol in order to remove the excess of OLEA surfactant coordinating the NCs
surface. Then, a chloroform solution of PBA was added to the washed TiO, NCs (5

10 M, in a 1:5 TiO2PBA molar ratio) and left stirring overnight. After that, the NCs
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were washed with methanol to remove the excess aromatic ligand and then dispersed
again in chloroform. The obtained transparent solution of PBA-TiO, NCs (in a
concentration of 10° M) is stable over months without further addition of PBA

molecules.

Grown of Graphene via Chemical Vapour Deposition (CVD) technique and
functionalization with (PBA)-TiO, NCs

Monolayer graphene with 50-110 mm? grain sizes was grown by CVD on 25 mm
thick copper foils (Alfa Aesar, item no. 13382) in a typical quartz tube CVD reactor
at 1000 °C using CH4/H: as precursors. The prepared graphene was then transferred
onto 300 nm SiO,/S8i or ITO/glass substrates by using a thermal release tape and an
aqueous solution of ammonium persulfate (0.1 M) as copper etchant. Before
graphene transfer, the SiO,/Si substrates were treated with O, plasma for improving

adhesion.

Bilayer graphene samples were fabricated by transferring an additional graphene layer
onto the monolayer graphene. In the same way, tri-, quadri- and penta-layer graphene
were synthesized simply by repeating the CVD procedure three, four and five times,
respectively. All graphene samples were dipped in a toluene/ethanol/anisole (1/1/1)

solution for removing any organic impurities of thermal tape traces.

CVD grown graphene on SiO,/Si substrate or on ITO was incubated in a 10° M
chloroform solution of PBA-TiO, NCs for 48 h and finally rinsed with chloroform

to remove NCs not specifically adsorbed.

Physico-Chemical Characterizations

e UV-Vis absorption spectra were recorded using a Cary 5000 (Varian)
UV/Vis/NIR  spectrophotometer. All optical measurements were

performed at room temperature.
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Mid-infrared spectra were acquired with a Varian 670-IR spectrometer
equipped with a deuterated triglycine sulphate (DTGS) detector. The spectra
resolution used for all experiments was 4 cm™. For ATR measurements
(attenuated total reflection), the internal reflection element was a one-bounce
2 mm diameter diamond microprism. The solution or suspension of interest
(3-5 pL) was casted directly onto the internal reflection element, on the upper
face of the diamond crystal.

Raman spectra were collected using a Lab-RAM HR Horiba-Jobin Yvon
spectrometer with a 532 nm excitation laser source. The measurements were
carried out under ambient conditions at a low laser power (1 mW) to avoid
laser-induced damage. The Raman band recorded from a silicon wafer at 520
cm’ was used to calibrate the spectrometer and the accuracy of the spectral

measurements was estimated to be 1 cm™.

Transmittance spectra of CVD graphene as bare and modified with PBA
and PBA-TiO, NCs were recorded by means of an optical setup composed
of a white light source, a light collecting system and an optical spectrometer
(HR4000, Ocean Optics).

Transmission Electron Microscopy (TEM) analyses were performed by
using a Jeol Jem-1011 microscope, operated at 100 kV. The TEM images
were acquired using a Quemesa Olympus CCD 11 Mp Camera. The TEM
images of organic-coated TiO, NCs were collected by dipping a 300 mesh
amorphous carbon-coated Cu grid in chloroform solutions of TiO,NCs and
leaving the solvent to evaporate. Statistical analyses of the size (NP average
size and size distribution) of the samples were performed using a freeware
Image] analysis program. At least 150 NCs were counted for each sample.
Scanning Electron Microscopy (SEM) analyses (in particular, Field-
Emission SEM) were performed by using a Zeiss Sigma microscope
operating in the range of 0—10 keV and equipped with an in-lens secondary

electron detector and an INCA Energy Dispersive Spectroscopy (EDS)
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detector. Samples were mounted onto stainless-steel sample holders using
double-sided carbon tape and ground with silver paste.

Atomic Force Microscopy (AFM) phase mode and topography were
performed by means of a PSIA XE-100 SPM system in air and at room
temperature, in tapping mode. A silicon SPM sensor for noncontact AFM
(Park Systems), having a spring constant of 42 N m™” and a resonance
frequency of 330 kHz, was used. Micrographs were collected on six distinct
areas of samples, with a scan size area of 5 mm x 5 mm, by sampling the
surface at a scan rate between 1.0 and 0.5 Hz and a resolution of 256 x 256
pixels. The AFM topography images were processed by using XEI software
to obtain statistical data.

Electrical measurements were carried out using a four-probe contact
geometry in the van der Pauw configuration on a sample area of 4 x 4 mm®

using a fully automated Hall system (MMR Technologies, Inc.).

Electrochemical Measurements
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Electrochemical characterizations were carried out using an Autolab
PGStat 30 (EcoChemie, Utrecht, The Netherlands) potentiostat/galvanostat
equipped with the Software Nova 2.0 (Metrohm Autolab). All the
measurements were done in a conventional three-electrode cell equipped
with a Saturated Calomel Electrode (SCE) and a Platinum wire as Reference
(RE) and Counter (CE) electrodes, respectively. The working electrode (WE)
was a modified I'TO glass with the CVD graphene (as bare or functionalized
with the PBA-TiO, NCs). An aqueous solution with 0.1 M NaClO, was
chosen as supporting electrolyte and [Ru(NH;3)]|Cls and Ky[Fe(CN)¢] were the
selected redox probes for the characterization of the materials. Cyclic
Voltammetry (CV) was performed by scanning the potential in different

potential ranges (by changing the probe and the materials) with a step of 5
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mV at different voltage scan rates (form 0.01 V s’ to 0.750 V s7).
Electrochemical Impedance Spectroscopy (EIS) was performed at different
potentials in the presence and in the absence of the redox probes.
Frequencies were varied between 650000 and 0.1 Hz and a sinusoidal
potential curve with an amplitude of 10 mV was applied in all cases. All the
impedance data were processed by using Z-View 3.1 software.
Photocurrent measurements were performed (on the mono- and bi-layer
graphene) using a UV Jelosil HG500 iron halogenide lamp, having a power
density of 45 mW cm?, placed at a distance of 40 cm from the sample. All
the measurements were carried out in a N, atmosphere after having degassed
the cell with nitrogen flux for at least 10 minutes. The procedure was in
accordance with the method already optimized in the literature, used also to
treat the photocurrent transients and extract the time values T for charge
recombination processes.”"

Electroanalytical Applications: Cyclic voltammograms were registered, in
Phosphate Buffer solution (PBS), at a physiological pH of 7.4, at 100 mV s’
'. Dopamine hydrochloride (Fluka) and L-norepinephrine hydrochloride
(Sigma, = 98.0%) were used as analytes. Ascorbic acid (Sigma) was chosen

as interferent for dopamine determination.
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Results and Discussion
Synthesis and Morphological Characterizations

The synthesis of the OLEA-TiO, NCs was carried out by following a known

procedure already reported in °

and then, the surface was modified #a a ligand
exchange with 1- pyrenebutirric acid. The schematic representation of the synthesis
is reported in Figure 6.1.1. The choice of PBA as capping agent was done because
this surfactant is expected to connect the nanocrystals to the graphene platform zia

n—T stacking interactions and concomitantly to coordinate the NCs surface by means

of its end carboxylic moieties.’
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Capping l‘L S

exchange

"t q“ ,\j\(
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T . |-pyrene-butyric
Ofic add (OLEA- ° -oni PBhcaped TO NG Soaking D graphene in  PBhcoated Ti0y NC modifed
ol PBA-coated Ti0, NC solution  large area CYD graphene

Figure 6.1.1: Schematic trepresentation of the synthetic procedute of the G/PBA-TiO; NCs hybrids.
The morphological and optical characterizations of the material were done before
and after the ligand exchange, in order to assess the effectiveness of this procedure
to modify the surface chemistry of the nanocrystals and any possible change in their
spectroscopic and structural properties. It was verified that both the morphology and
the spectroscopic characteristics of the NCs were preserved after the ligand exchange
with PBA. The PBA-TiO, nanocrystals resulted to be spherical in shape and about
(6.0 = 0.3) nm. All the morphological and optical characterizations, as already
mentioned in the introduction of the Paragraph (see Focus) were already performed
and reported in . The electrochemical characterizations will be discussed deeper,
because the ones relative to mono- and bi-layer graphene were the starting point for
the study of the other materials (tri and penta-layer), serving as reference and

confirmation of hypothesis.
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Mono- and Bi-layer Graphene: (Photo) Electrochemical Characterizations

Four different ITO glass modified electrodes have been (photo)electrochemically

characterized and applied in the field of electroanalytical sensing:

1) CVD-grown monolayer graphene (hereafter in the graph shortened as 1G);

2) CVD-grown bilayer graphene (hereafter in the graph shortened as 2G);

3) CVD-grown monolayer graphene decorated with PBA-TiO; NCs (1G + TiOy);
4) CVD-grown bilayer graphene decorated with PBA-TiO, NCs (2G + TiOy).

At first, Cyclic Voltammetry was performed in the dark, in the absence of any redox
probe, in order to see the background behaviour of each working electrode. It was
found that the immobilized TiO, NCs affect the anodic potential window limit of
graphene, anticipating the oxidation of the medium. Such a down-shift of the anodic
potential (ca. 0.16 V) can be reasonably ascribed to the shift of the graphene Fermi
level AEr of ca. 0.17 eV, verified also by Hall measurements. This shift of the
graphene Fermi level is due to the enrichment of holes transferred from the
nanocrystals to graphene, which makes the oxidation of the medium more

energetically favorable.’

Then, cyclic voltammetry profiles have been recorded in the presence of an outer-
and an inner-sphere redox probe, namely [Ru(NH;)|Cl; and Ky[Fe(CN)g,
respectively. The outer sphere redox probe is expected to react only with the
electronic density of state of the electrode, while the inner sphere one is expected to
show changes also related to the electrode surface structure.' ™ These experiments
were done, in fact, in order to study the electron transfer and the structural properties
of the prepared hybrid material based working electrodes. Figure 6.1.2 reports the
voltammograms of the different electrodes in the presence of the Ky[Fe(CN)¢| redox
probes, since with [Ru(NHs)s]Cl; no great differences were highlighted among the

electrode platforms, which seems to behave like a macroelectrode.” The absence of
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Figure 6.1.2: CV in 0.1 M NaClO; of the the electrochemically inert side basal
bare and NCs-modified graphene electrodes . .

in the presence of 3 mM Ky[Fe(CN)g], plane of a high quality and almost

recorded at 100 mV s, 16,17

“perfect” monolayer graphene.
Bilayer graphene (red line), instead, present a step-shaped curve, explained by the
sensitivity of the probe to the electroactive carbon-oxygen functionalities located at
the edge plane-like sites/defects of the separated graphitic island, which grow on the
underlying continuous monolayer graphene film. These islands are responsible for a
convergent diffusion mechanism of the redox probe molecule to the electrode
surface and result in the observed sigmoidal cyclic voltammograms, typical of an
“array of microelectrodes” (See Chapter 2 for theoretical explanation and Figure 6.1.3

for a schematic representation).

gEEsE I S e

Figure 6.1.3: Schematic representation of the current lines in the case of planar (a) and convergent
(b) diffusion at the electrode platform, observed for monolayer (a) and bilayer (b) graphene. Adapted
with permission, Copyright 2017, Royal Society of Chemistry.”

The immobilization of the nanocrystals does not lead to any modification neither in
the line shape, nor in the current densities (green line for the modified monolayer

and blue line for the modified bilayer), being another confirmation of the fact that
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the decoration procedure does not lead to structural defects on the graphene

platform.

Electrochemical Impedance Spectroscopy was also recorded and supports the
hypothesis previously explained from cyclic voltammetries. Figure 6.1.4 (a) reports
the Bode phase plots of the different electrodes in 0.1 M NaClOs, at -0.1 V, in the
absence of any redox probe. The relative equivalent circuits, extrapolated by a data

fitting with the Software ZView 3.1, are reported in Figure 6.1.4 (b).
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—— G bilayer A
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107" 10

Figure 6.1.4. (a) Bode-phase plots of modified ITO glass working electrodes registered at -0.1 V. (b)
Monolayer (on the top) and bilayer (on the bottom) graphene equivalent circuits used to fit the EIS
spectra. Adapted with permission, Copyright 2017 ©, Royal Society of Chemistry.”

What it can be immediately seen is that also in this case, monolayer and bilayer
graphene electrodes behave differently. In the case of monolayer, a sigmoidal EIS
curve is registered, while a peak-shaped curve is obtained in the case of bilayer
graphene. The equivalent circuit for monolayer graphene is based on a resistance Ro
of the solution, in series with a capacitance Ci (Constant Phase Element). This last
capacitance is attributed to the “Debye layer”, that is an accumulation of ions in
proximity of the electrode, which behaves like a parallel-plate capacitor and occurs
for compensating the charge accumulated at the graphene surface. Conversely, the
equivalent circuit of bilayer graphene based electrodes (on the bottom of Figure

6.1.4 (b)) presents, in parallel with the interfacial capacitance Ci,a resistance R, which
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originates mostly from the turbostratic regions, that are the graphitic islands of the
second layer of graphene which are not aligned with the underlying monolayer
graphene basal planes. Such a misalignment leads to the occurrence of a contact
resistance R between the graphene layers that can vary by more than one order of
magnitude, depending on the angular alignment of the two graphene lattices.” In
addition, in series with such a contact resistance R, the circuit presents also a
capacitance C,, originated from the charge separation between the two graphene
layers of the turbostratic regions. A more detailed explanation on the nature and the
values of these capacitances, divided in two contributions (Ci; and Cq)" acting in an

opposite way, is reported in .

Photocurrent experiments were also performed on the different electrodes, in 0.1 M
NaClO, at a bias voltage of +1 V (SCE), irradiating with a UV light source (A = 365
nm). In all cases, as shown in Figure 6.1.5, an anodic photocurrent is registered,

meaning that the oxidation of the medium is occurring with the concomitant transfer

of the photogenerated electrons
—— G monolayer

— Gl ‘ from the photoanode to the ITO
~ G monolayer + TiO, NCs

supporting electrodes. The bare

s

J !/ (uA em”)

graphene based working
electrodes have a photocurrent

signal originated from the m-m*

transition of the graphene C=C
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bond” occurring under UV light.

Figure 6.1.5: Photocurrent measurements on the four ) )
different working  electrodes. Adapted with ~In  particular, the  bilayer
permission, Copyright 2017 ©, Royal Society of

Chemistry. graphene shows a photocurrent

density higher than that of the
monolayer, namely 0.30 uA cm™ against 0.15 uA cm™. This is explained by the linear
increase of the broadband absorption of graphene increasing the number of layers.
With the immobilization of the PBA-coated TiO, NCs on graphene, the working

electrodes show an improvement of the photocurrent density. Such a finding is
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particularly evident in the case of the functionalized bilayer graphene, which shows
a photocutrent density increased up to 0.45 pA cm™ This result is ascribed to the
intrinsic UV light activity of the TiO, NCs film, that provides generation and
separation of electron-hole pairs, that are then transferred to graphene thanks to the
pyrene mediated electron coupling. Indeed, pyrene linker stabilizes the
photoelectrons by its n-ring system and transfers them to graphene where they are
stored in the huge n-1 network of the aromatic platform. In addition, the Fermi level
of graphene lies in between the conduction band of TiO; and that of ITO, and hence
it decreases the injection bartier at the ITO/TiO, NCs interface. Finally, graphene,
behaving as a charge acceptor and fast transporter, facilitates further photoelectron
withdrawn from the nano-oxide film to the I'TO supporting electrode, suppressing
both hole/electron recombination processes at the defect states of the
nanocrystalline oxide film and back reactions at the interface with the electrolyte,

thus resulting in an increase of the photocurrent.

Tri- and Penta-layer Graphene: Electrochemical Characterizations

The interesting features derived from the study of mono and bi-layer graphene
moved the attention in the investigation of multilayer graphene platforms (from
three to five layers). The interest was again in the understanding of any structural
difference in the electrode surface and the relative difference in the electrochemical

response towards selected redox probes and analytes.

Also in this case, the electrodes were tested in the presence of an znner-sphere and outer-
sphere redox probes (namely, Ky[Fe(CN)¢] and [Ru(NH3)6|Cls). As already observed
for mono and bilayer, in the presence of the outer sphere redox probe the electrodes,
both bare and modified with TiO, NCs, do not show any relevant differences
(Figure 6.1.6 (a)). In fact, they present the same peak-shape and peak-position. The
only difference is in the current density values (normalized, like in any case, for the

geometrical area of the electrodes), which decrease passing from 3G to 5G
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electrodes. This effect could be related to the effective nature of the graphene
materials. Passing from 3G to 5G, in fact, the graphene behaviour is changing to a
graphitic one. It is known that graphene is more conductive than graphite and that
is verified by an increased current toward the probe (/s6) > jiss). The correspondent
modified electrodes with titania possess density current values that are lower than
the related bare graphene platforms (jac + ioz) < jiss) and jisG + mioz) < jisc)). This could
be ascribed to the intrinsic semiconductive character of TiO, NCs, which could mask
a bit the highly conductive character of the bare graphene. The fact that no
differences in the position of the oxidation and reduction peaks of the probe are
present is a confirmation of the outer-sphere behaviour of the probe, which remains

insensitive to the surface structure of the electrodes.
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Figure 6.1.6: CVs at 100 mV s in the presence of 3 mM of [Ru(NH3)¢|Cls (a) and Ky[Fe(CN)e] (b)
for bare and modified tri-layer and penta-layer graphene electrodes.

On the contrary, in the case of K4[Fe(CN)g|, huge differences among the electrodes
can be found (Figure 6.1.6 (b)). In more details, focusing at first on the behaviour
of bare tri- and penta-layer graphene (3G and 5G), the presence of two signals in the
oxidation scan can be observed: a first peak, at about +0.3 V (SCE), more marked
for the tri-layer graphene, and a second one, at about +0.6 V (SCE), more marked
for the penta-layer graphene. These signals could be representative of two different
active sites of graphene, on which the redox probe could react, and in general are the
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proof of having an inhomogeneous surface. It seems that tri-layer graphene
possesses a higher concentration of edge plane-like sites, which are known to present
an electrocatalytic effect, while penta-layer has a higher concentration of basal plane
sites (less reactive). This could be due to the fact that the repeated cycles of CVD
(from three to five) lead to a covering of some defects and to the creation of a sort
of “graphitic” structure for the penta-layer, which presents a less-defective surface
with a lower amount of electroactive sites. Another explanation could be also given
by reasoning from an energetic point of view. In more details, tri-layer graphene has
the tendency to receive electrons (from the redox probe in solution, which is
undergoing an oxidation reaction and so it is donating its electrons to the electrode
platform) at lower potential with respect to penta-layer. This could be explained by
the fact that, passing from few layers of graphene to more layers the conduction pass
from being through electrons and holes (ambipolar) to only electrons. It is likely that
penta-layer graphene is more charged with electrons with respect to tri-layer and then
it is less available to receive more electrons from the external and that is why the
oxidation of the probe occurs (with higher intensities) at higher potentials. It could
be that passing from tri-layer to penta-layer the energy to let the probe oxidized is
growing because the charge transfer probe/graphene is changing. Further
investigations on the electron transfer rate and on the energy levels will be done in
order to clarify this aspect. As previously mentioned, tri-layer graphene is expected
to have an ambipolar behaviour while penta-layer is more likely a graphitic electrode.
The ambipolar effect could be linked also to the presence of a more marked
reversibility in the case of tri-layer than in the case of penta-layer, in which the

reduction peak of the reverse scan is less marked than the one of tri-layer.

Regarding the modified graphene platform with PBA-TiO, NCs, the electrochemical
behaviour is different from the relative bare graphene. In fact, in these cases, both
tri-layer and penta-layer present the same voltammetric shape, shifted at higher
potentials with respect to the one of the un-modified graphene electrodes. The
presence of a unique peak could be related to a “patching effect” played by the
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pyrene linkers of TiO, NCs, which cover the defects of the bare graphene platform
and create a sort of homogeneous surface for both tri-layer and penta-layer without

showing structural difference among the two.

Table 6.1.1 lists all the capacitance values (C) derived from the characterization on
the background. For more details on how the electrochemical characterization was
carried out see Chapter 8 (Appendix). For what concern bare electrodes, the C
values are equals (considering the error), while they differ when the electrodes are
functionalised with titania nanocrystals: they are higher than the correspondent bare
platforms and they increase passing from three layers to five layers. This effect could
be explained again by the “patching” played by the pyrene linkers of the nanocrystals,
which act as an additional carbonaceous film and help to create a more “perfect”

platform that here act as a more performant capacitor.

Table 6.1.1: Capacitance values of the multilayer graphene platforms derived from the elaboration of
the data on the background

C/uF
3G (2.96 + 0.07)
3G + TiO; (5.45 + 0.04)
5G (2.85 % 0.08)
5G +TiO; (8.5 1 0.1)

From the characterization in the presence of the redox probes the other parameters,
listed in Table 6.1.2 are derived. In case of potassium ferrocyanide, in which the
presence of two different oxidation peaks was observed, the elaboration was
conducted on the first peak. In more details, o values are derived from the slope of
the log(?) »s log(y) curve (see for more details on the elaboration of the
electrochemical data Chapter 8: Appendix). The deviation from the 0.5 value,
expected for processes that undergo a perfect linear diffusive behaviour, is
responsible for the instauration of other diffusional mechanisms of the probe toward

the electrode, probably related to the highly defective surface structure of the
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different electrodes. It is interesting to notice that, passing from the bare graphene

(3G, 5G) to the TiO, modified ones (3G + TiO,, 5G + TiOy), the related o values
decrease a bit, meaning that the surface functionalization reflects also in a different
electrochemical response (in terms of diffusional mechanism) of the probe toward
the electrodes. In general, a deviation from the 0.5 value, responsible of a perfect
linear diffusion of the probe toward the electrode, is registered. This effect means
that different diffusional mechanisms are present for all the platforms, maybe
convergent diffusion or thin layer diffusion effects. For sure, the fact that the results
are strongly different from an electrode to the other are another confirmation of the
different surface morphology of these systems. The scan-rate dependence of the
distance between the anodic and cathodic peaks (AEp) and the values of the peak
width at half height (E, — E,/2) are indicative of a process that is moving towards
electrochemical irreversibility. For a comparison, the AEp registered for all the
materials at a scan rate equal to 0.1 V s™ is reported in brackets. It is clear how the
materials modified with titania nanocrystals (3G + TiO; »s bare 3G and 5G + TiO»
vs bare 5G) show a more electrochemical reversible behaviour (the AEp values are
lower). This trend is verified with both the redox probes even if with a more rational

way in the case of ruthenium hexaamminochloride.

In the case of the electrochemical characterization in the presence of [Ru(NHs)|Cls,

o values are definitely closer to the 0.5 for a perfect linear diffusion, attesting again

the insensibility of this probe to the electrode surface diversity among the samples.

Table 6.1.2: Statistical parameters detived from the electrochemical characterization of the multilayer
graphene platforms. AEp values at 0.1 V s are reported in brackets.

K4[Fe(CN)q]
a AE, /V By —Ep2)/V
3G (0.34 £ 0.02) Scan Rate Dependent (187 mV) Scan Rate Dependent
3G + TiO; (0.30 £ 0.03) Scan Rate Dependent (146 mV) Scan Rate Dependent
5G (0.34 + 0.02) Scan Rate Dependent (227 mV) Scan Rate Dependent
5G +Ti0; (0.16 £ 0.03) Scan Rate Dependent (121 mV) Scan Rate Dependent
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[Ru(NH3)6] Cls
a AE,/V (Ep —Ep3)/V
3G (0.481 £ 0.007) Scan Rate Dependent (101 mV) Scan Rate Dependent
3G + TiO; (0.46 £ 0.01) Scan Rate Dependent (81 mV) Scan Rate Dependent
5G (0.48 £ 0.01) Scan Rate Dependent (16 mV) Scan Rate Dependent
5G +TiO; (0.51 £ 0.02) Scan Rate Dependent (60 mV) Scan Rate Dependent

All these electrodes were then characterized by Electrochemical Impedance
Spectroscopy, in the absence and in the presence of the K4[Fe(CN)¢| redox probe,
which is the one capable to give information about the electrode surface structure,
as already evidenced from the results gained from the Cyclic Voltammetries. Figure
6.1.7 (a) and (b) present the Complex Plane and Bode Phase plots of the different
materials registered at -0.1 V (SCE) in a background solution of 0.1 M NaClO,,
respectively. These proofs were done in order to have a comparison with the results
previously reported for the mono and bilayer systems (Figure 6.1.4). The related

equivalent circuits, gained by using the Software ZView, are shown in Figure 6.1.8.
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Figure 6.1.7: (a) Complex Plane plot at -0.1 V of the hybrid materials recorded in 0.1 M NaClOy as

supporting electrolyte. (b) Analogous Bode plots.

292

& / ) L}
=] s -30 4 '; \i,A"A
o 150 / o '3:\
< A I 40 : '&A_
= ‘ 1 = 3G 3: LA
R " 3G 1. 3G+Tio, Y
. 1 Y
* 3G+TiO, 204 . 5G
™ L6 ol v sG+Tio,
v 5G+TiO, . -
0 T T T T T 0 T a1 T T 4 e
0 50 100 150 200 250 300 10" 10° 10 10° 10° 10"
Z'1 (kQem’) F/Hz




6. Graphene-Semiconductor Hybrids
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Figure 6.1.8: Equivalent circuits for (a) 3G, 3G +TiO3, 5G + TiO: and (b) 5G systems. Rq = cell
resistance, CPE; = “Debye Layer” capacitance (Constant Phase Element), R = contact resistance
(from the turbostratic region), CPE; = charge separation capacitance (Constant Phase Element), R2
= additional resistance. Colors of the squares around the circuits are related to the colors of the lines and dots in the

EIS spectra.

As it can be immediately seen, comparing the results with the ones of Figure 6.1.4,
all the materials behave like the bilayer system, being again different from the simple
monolayer graphene. In more details, the addition of a Resistance (Ri) and a
Capacitance (CPE,) to the single RC circuit of the monolayer is addressed to the
presence of defects originated at the turbostratic regions. These are a consequence
of the mismatch between the different graphene layers, which are not perfectly
superimposed and can create wrinkles, edges, steps and so on. In the case of
pentalayer graphene (5G), another additional resistance (Ry) is present. This could be
related to the highly graphitic structure of the material, which becomes less
conductive. This effect is less evident for the 5G + TiO; material, thanks to the
patching effect played by the nanocrystals already discussed in the Paragraph. 5G +
TiO; is behaving like a less defective graphite, as also the “o2” values related to each
system suggest (see Table 6.1.3). This parameter is indicative of the deviation from

the ideal and pure capacitor of a CPE element. The more a is closer to 1, the more

the material behaves as a pure capacitor. If o is far from the unit, a defective surface
can be reasonably imagined. The related Capacitance values (CPE,) are in accordance
with what previously observed for the mono and bilayer materials and stated in .
Briefly, the total Capacitance is the final sum of two contributions: the Helmoltz
layer capacitance (Ci) and the quantum capacitance (Co), intrinsic to graphene."

These components act in an opposite way, since Cy decreases while Cq rises with the
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increasing number of layers, resulting in a total capacitive behaviour presenting a
maximum for intermediate layers. Moreover, Cq is strongly influenced by the carrier
density of graphene and so, in this case, by the p-doping TiO, nanocrystals. The final
balance, in the case of 1G and 2G systems, was the prevailing Cy contribute in the
case of bare graphene and Cg in the case of the functionalized systems. For multilayer
systems, it is happening the same, since the total capacitance is decreasing passing
from bare 3G to 5G, while it is increasing passing from 3G + TiO; to 5G + TiO;
(see Table 6.1.3).

Table 6.1.3: EIS mathematical parameters from the fitting of the spectra at -0.1 V on the
background solution of 0.1 M NaClOs.

RQ CPE1 (MF [0} R CPEZ ol2 R2
« cm2s*1) (2 (UF cm? MQ cm?)
cm2) cm?) s*1)
3G 115 6.85 0.87 26.2 0.966 0.93 -
3G + TiO; 141 13.9 0.78 17.9 1.24 0.90 -
5G 113 3.76 0.90 55.5 1.64 0.62 2.95
5G + TiO; 117 20.5 0.76 13.3 1.89 0.90 -

Concerning the resistance (K) values (Table 6.1.3), the more disordered materials
(bare 3G and 5G) are more resistive than the related functionalized ones (3G + TiO»)

and (5G + TiO»).

For what concern the experiments in the presence of the redox probe, the EIS
spectra were registered at two different voltage values, namely +0.25 V and +0.6 V
(SCE). At these values, in fact, different behaviours for the materials were highlighted
in the CVs (see Figure 6.1.6 (b)) and further investigation on the mechanisms that
are occurring at these electrodes could be explained using this technique. Figure
6.1.9 (a) and (b) reports the Complex Plane and Bode Phase plots registered at +0.25
V (SCE), with the relative equivalent circuits in Figure 6.1.10. Then, Figure 6.1.11

shows the plots recorded at +0.6 V (SCE) with the relative equivalent circuits in
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Figure 6.1.12. All the mathematical parameters are then listed in Table 6.1.4 and

Table 6.1.5.

Regarding the behaviour at +0.25 V (SCE), where the reaction of the probe is
favoured in the case of the bare graphene (Figure 6.1.8), just from a simple look at
the EIS spectra, a different behaviour among the bare and modified electrode can be
highlighted. In fact, different equivalent circuits are derived for the materials without
the functionalization. In particular, in those cases also the mass transfer reaction is

visible (Warburg element, see Figure 6.1.10 (a))
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Figure 6.1.9: (a) Complex Plane plots at +0.25 V of the hybrid materials recorded in 0.1 M NaClOy4
as supporting electrolyte + 3mM of K4[Fe(CN)g]. (b) Analogous Bode plots.

(@ e (b)

LT T

R Zy R

Figure 6.1.10: Equivalent circuits for (a) 3G, 5G and (b) 3G +TiO2, 5G +TiO; systems, related to
the spectra at +0.25 in the presence of 3mM Ky[Fe(CN)¢]. Ra = cell resistance, CPEq = double
capacitance (Constant Phase Element), R. = charge transfer resistance, Zw = Warburg resistance,
CPE; = “Debye Layetr” capacitance (Constant Phase Element), R = contact resistance. Colors of the
squares around the circuits are related to the colors of the lines and dots in the EIS spectra.
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The presence of the nanocrystals in this case (and so in the presence of a redox probe
that is interacting with the electrode surface structure) acts as a hindering effect, since
the resistance of the functionalized materials (R) are higher with respect to the bare
ones (Table 6.1.4). Moreover, the mass transfer process seems favored in the case of
the bare 5G and this could be ascribed to a more defective structure with a more
“porous” surface that could let the probe react in an easier way with respect to the

analogous 3G system.

Table 6.1.4: EIS mathematical parameters from the fitting of the spectra at +0.25 Vin 0.1 M
NaClO4 + 3 mM K4[Fe(CN)g).

Ro CPE; ol R Zy Olw Tw
«Q (UF cm2s*1) kQ «Q
cm?) cm?) cm?)
3G 113 4.01 0.90 0.432 4.39 0.38 76.6
3G + TiO; 92.9 25.5 0.75 5.40
5G 111 6.58 0.88 0.414 1.96 0.38 7.87
5G + TiO; 110 25.7 0.76 5.30
30 -80
(a) = 3G 1 (b = 3G
55 . 3G+Ti02 =704 ( ) L] 3G+Ti02
5G S 456
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Figure 6.1.11: (a) Complex Plane plots at +0.6 V of the hybrid materials recorded in 0.1 M NaClOy4
as supporting electrolyte + 3mM of K4[Fe(CN)g|. (b) Analogous Bode plots.
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Figure 6.1.12: Equivalent circuits for all the investigated systems recorded at +0.6 V in the presence
of 3mM of K4[Fe(CN)g]. Ra = cell resistance, CPEq = double capacitance (Constant Phase Element),

— o«

R.; = charge transfer resistance, Zw = Warburg resistance, CPE; = “Debye Layer” capacitance
(Constant Phase Element), R= contact resistance. Colors of the squares aronnd the circuits are related to the
colors of the lines and dots in the EIS spectra.

Considering the spectra recorded at +0.6 V (SCE) (Figure 6.1.11), where all the
materials react with the probe, but the highest current density was registered for the
functionalized systems (Figure 6.1.6), the situation is different from the one
observed at +0.25 V (SCE). Regarding the resistance values, in fact, the situation is
opposite to the previous one and the materials functionalized are the ones with the
lower resistance to the charge transfer reaction (see Table 6.1.5). Moreover, at this
voltage value, for all the materials it is possible to see also the mass transfer process
of the redox probe, with the addition of a Warburg element in the equivalent circuits
(Figure 6.1.12). By the way, since from the experimental results, especially in the
case of the functionalized trilayers graphene, the fitting of the Warburg element was
derived with few points, the mathematical results cannot be discussed further since
they are not particularly affordable. In this case, a simple empirical explanation is

done, and a general trend is verified.

Table 6.1.5: EIS mathematical parameters from the fitting of the spectra at +0.25 Vin 0.1 M
NaClO4 + 3 mM K4[Fe(CN)g].

Ro CPE; ol R Zy Ol Tw
@ (LF cm2s%1) kQ kQ
cm?) cm?) cm?)
3G 139 4.41 0.88 9.31 120 0.47 46.2
3G + TiO, 118 3.51 0.90 1.77 0.940 0.12 0.019
5G 121 4.48 0.89 4.73 35.1 0.40 23.8
5G + TiO; 120 9.81 0.85 3.01 21.9 0.35 43.4
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Electroanalytical Applications
Sensing

One particular area where graphene has had a significant impact is electroanalysis,
where it has been used as sensor receptor for a variety of analytes”* and has the
potential for utilisation in the development of cost effective, sensitive and selective
electrochemical sensors of the future.” In particular, all the materials under
investigation were used in the detection of two molecules of biomedical interest,
namely dopamine and norepinephrine. They both belong to the family of
catecholamine neurotransmitters and their determination is of high importance since
an altered level and concentration of such molecules lead to several diseases of neural
and cardiovascular systems. Besides their low physiological concentration, which
demands very sensitive detection systems, high concentration of interfering
substances such as ascorbic acid (AA) and uric acid (UA) requires the sensing

platforms to be highly specific as well.

Both the pristine and the TiO, NCs-modified electrode platforms were tested as
preliminary proof of concept by recording a Cyclic Voltammetry in the presence of

Dopamine and Norepinephrine, in a 0.1 M solution of Phosphate Buffer (PBS) at a

700 physiological pH wvalue of 7.4. All the
N —

1G +TiO, electrodes resulted to be suitable for the
500 —aa
2G + TiO,

detection of the selected molecules. In

Figure 6.1.13 the voltammetric signals of

J/(nA cm’™)

the different electrodes in the presence of
3 mM dopamine are reported. It can be
immediately observed that in the case of

the modified graphene platforms, with

0.4 0.2 00 0.2 {)4 .0.6 08 1.0 12 14 bOth rnonolayer and bﬂayer (1G + T102
Evs SCE/V

Figure 6.1.13: CV of the barc and modificd 204 2G + TiO2), a strong electrocatalytic

graphene electrodes in the presence of 3mM effect is present. In fact, both the
of dopamine.
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oxidation and reduction peaks relative to dopamine are at potential values closer to
zero, as evidenced by the arrow depicted in Figure 6.1.13. This fact means that the
presence of TiO; favours the reaction of the molecule toward the electrode, maybe
because they favour the electron/holes exchange at the interface with respect to what
concern the bare graphene. As already mentioned, in fact, TiO, NCs donate holes to

the platform and then favouring the oxidation of the species in solution.

A more detailed look at the oxidation part shows that a small signal at about +0.65
V (SCE) for bare mono and bilayer graphene is present, while in the case of the NCs-
modified electrode the signal is only one. Apart from the electrocatalytic effect played
on the signal at about +1.2 V (SCE) of the bare graphene, also a sort of patching
effect is evidenced: the pyrene linker that functionalises TiO, nanocrystals could
cover the defect sites of the bare graphene and effectively creates a more

homogeneous surface with less electroactive sites toward dopamine.

As preliminary results, also the

700
multilayer aphene ere 1 ——36
wHay grap SoW 600 ——3G + TiO, NCs
employed for the detection of J 6o
s00 ] 3G+ TiO,NCs
dopamine and results are ]
. . G 4004
reported in Figure 6.1.14. In "¢ ]
9
. . 0 -
this case, no reduction peaks 43_ 30 |
are present. By the way, the 2007
general trend observed in the 100+
case of mono- and bi-layer 0
graphene is again confirmed. S T e R
04 -02 00 02 04 06 08 1.0 1.2
On the bare graphene Evs.SCE/V
platforms (3G and 5G) two Figure 6.1.14: CV of the bare and modified multilayer
graphene electrodes in the presence of 3mM of
peaks are visible, with the first dopamine.

one more marked with respect

to the same of mono and bi-layer, while in the case of the TiO, NCs modified
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electrodes, a single peak, at more favourable potential with respect to the second one
of the bare graphene, is observed. This aspect is again a confirmation of the
electronic transfer between the two components of the hybrid and of the patching

effect played by the pyrene linker of the nanocrystals.

o Selectivity

Among the desired features of an electrochemical sensor, there is the selectivity,
which describes the ability of a device to detect clearly in a distinguished way
different analytes. Since dopamine and norepinephrine possess a similar chemical
formula, differing just for the presence of a hydroxyl group (see Figure 6.1.15),
finding a sensor able to detect and speciate among the two molecules is an actual
challenge. For this reason, the answers of the four electrodes under investigation
(monolayer and bilayer graphene, bare and modified) towards dopamine and

norepinephrine were overlapped and results are shown in Figure 6.1.16.

OH

@ HO NH, ®) Lo NH,

HO HO

Figure 6.1.15: Molecular structures of (a) dopamine and (b) norepinephrine.

Figure 6.1.16 (a) and (c) are related to the bare graphene platform and clearly show
that the electrodes are able to distinguish between the two molecules, since the
oxidation reactions occur at different potentials. For what concern the TiO»-
modified graphenes (Figure 6.1.16 (b) and (d) for monolayer and bilayer,
respectively), unfortunately, the distinction in the detection of the two molecules is
not so clear. It could be that the presence of PBA-capped TiO; creates a sort of
“patching” on the graphene platform, uniforming the surface and covering defects,

due to the presence of the pyrene linker. The different reactivity of the two molecules
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of the bare graphene could be connected, in fact, to a different reactivity that the
analytes have towards basal, edge planes, wrinkles, steps, folded, edges, missing
atoms and so on. All these defects could be hidden by the presence of the

functionalities on PBA-TiO; NCs.
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Figure 6.1.16: CV of the bare monolayer (a), bilayer (b) graphene and the relative TiO, modified
platforms (c) and (d), in the presence of 3 mM of dopamine (black lines) and norepinephrine (red
lines), recorded at 100 mV sin 0.1 M PBS (pH 7.4).

Unfortunately, with multilayer graphene it was not possible to effectively distinguish

among the two molecules. In fact, the answers toward dopamine and norepinephrine
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show basically the same trend, with a double peak for the bare graphene platforms
and a single, shifted, signal in the case of the TiO, modified ones (see Figure 6.1.17).
It could be that, by moving toward more graphitic electrodes, more similar among
themselves and more different from the single graphene, it is practically impossible
to distinguish among two molecules that are really similar one to the other (dopamine

and norepinephrine, in fact, differ only for the presence of an -OH group).
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—— 3G Dopamine 1000{ — 3G + TiO,_Dopamine (b)
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Figure 6.1.17: CV of the bare trilayer (a), pentalayer (b) graphene and the relative TiO2 modified

platforms (c) and (d), in the presence of 3 mM of dopamine (black lines) and norepinephrine (red
lines), recorded at 100 mV s in 0.1 M PBS (pH 7.4).
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Considering the sensitivity of a single electrode toward an analyte, like what it was
observed in the case of dopamine (Figure 6.1.16 and Figure 6.1.17), the presence
of TiO, nanocrystals is beneficial, because it generates electrocatalytic effects. If
dealing with more than one analyte, and so looking at the selectivity of the platform,
the presence of the nanocrystal is no more beneficial as before. By the way, the
presence of TiO, nanocrystals was verified to be beneficial not only for the
construction of a performant photo-anode, but also for the creation of an
electroanalytical sensor. Moreover, the intrinsic semiconductor nature of the
nanocrystals could be exploited for the development of a photo-renewable sensor,
as already reported for analogous systems in the literature.”*” In fact, one of the
biggest problem related to the detection of organic molecules like dopamine, is the

fouling and passivation of the electrode surface after the detection. The possibility

" to irradiate the electrode and favour the
167 Cleaned generation of photoexcited electrons,
141 Fouled

129 == After UV could accelerate the reduction of the

molecule deposited on the surface of the

clecttode and concomitantly could

J/(uA em”)

promote the cleaning and renewal of the

device.

As a proof of concept, the effect of light

04 -02 00 02 04 06 08 10 12 14 irradiation onto a fouled electrode was
Evs SCE/V

Figure 6.1.18: CV of the background of verified in case of penta-layer graphene.
bare 5G electrode before the detection of
dopamine (black filled line), after (red line)

and after 1Th UV (black dotted line). in the detection of dopamine, then, it

In more details, the electrode was used

was washed with Milli-Q water and put in a background electrolytic solution, without
any addition of the analyte. The presence of a signal related to dopamine was verified,

meaning that the electrode was fouled and that its surface was passivated. Then, the
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electrode was left under UV light for one hour and the CV was recorded again,
showing the disappearance of the signal relative to the analyte and ensuring the

cleanliness of the electrode surface. Results are shown in Figure 6.1.18.

o Specificity

As already mentioned, the detection of dopamine and norepinephrine could be
disturbed by the presence in human body of high concentration of interfering
substances such as ascorbic acid (AA) and uric acid (UA). For this reason, the device

requires to be highly specific, apart from being selective and sensitive.

As a reference, results obtained in the case of detection of dopamine in the presence
of ascorbic acid with monolayer graphene and the relative PBA-TiO, NCs modified
monolayer are shown. In the experiment, additions of dopamine (1 mM each) were

made in a 0.5 mM solution of ascorbic acid and results are shown in Figure 6.1.19.

500

(@) | b ’
300 /\
400 ~ only ascorbic acid only ascorbic acid .
S ~ . | ~
additions of dopamine additions of dopamine [/ ™\ \\.
// \ \
. 8
300+ 200
5 g
S 200+ <
= = 100
100 -
0
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-100 T T T -100 T T T
0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
Evs.SCE/V Evs.SCE/V

Figure 6.1.19: Detection of dopamine in the presence of ascorbic acid with bare monolayer graphene
(a) and TiO2 modified monolayer graphene (b).

From the results shown in Figure 6.1.19, it is possible to claim that the detection of
dopamine in the presence of ascorbic acid is possible looking at the cathodic peak.
In fact, in case of the only interferent, this signal is absent. Probably the oxidation

26,27

product of dopamine (namely leuco-dopaminoquinone, Figure 6.1.20)**' is able to

interact by means of m—m interactions with graphene and consequently to be
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detected. This does not happen with ascorbic acid. The oxidation peak,
unfortunately, is more or less at the same position for both the interferent and the
analyte and cannot be significant of the presence of one or the other molecules in

solution.

H-, E ] & - -
: -’"TT Step 1 i Hj/ e
- J L —2H*, 2e . o N,
HO :

Dopamine Dopaminogquinone
Pa, o ML R ‘“--.__;I
)/ Step 2 | !
D,;f" = HHy Cyelization . o Sy T T NH
Dopaminoquinone Lenco-Dopamingguinane

Figure 6.1.20: EC mechanism for dopamine oxidation.?® Adapted with permission, Copyright 2017,
Elsevier.

Conclusions

In this work, a straightforward and facile solution-based approach has been
optimized to fabricate a transparent hybrid material formed of a large area of CVD
grown monolayer graphene film, decorated with a dense multi-layered nanoporous
coating of 1-pyrene butyric acid (PBA)-coated TiO, nanocrystals. The interest was
focused onto the understanding differences among materials synthesized with a
different number of graphene layers (from one to five) in their electrochemical
performances. It was found that by changing the number of graphene layers, the
electronic structure of the material is drastically changed: strong differences are
highlighted among mono- and bi-layer graphene, in which a strong effect of
convergent diffusion, due to the presence of graphitic island and defect, on the bi-
layered platform, is verified. Passing to multi-layered graphene (tri- and penta-layer)
the presence of different electroactive sites is highlighted, and it is possible to
effectively distinguish among a graphene or a graphitic-like structure. These

differences in the electrochemical response are reflected also when the electrodes are
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used, as a preliminary proof of concept, for the detection of neurotransmitters of
particular interest in the biomedical field (dopamine and norepinephrine). The signal
related to the target molecule is registered at different potential positions by changing
the electrode and this aspect could be further applied for selectively detect one
molecule instead of other interferents. Future works will be focused on the
improvement of the electroanalytical techniques, with the general aim to create a
performant, selective and sensitive sensor. The presence of TiO, NCs and the
transparent aspect of the electrodes make them also suitable for application under
UV-light, being good candidate to create photoanodes to be integrated in solar cells,
photodetectors, catalytic systems, FETs and photoelectrochemical and capacitive

SENSofrs.
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6.2 PCA-RGO/OLEA-PbS NCs Hybrids

Focus

As already mentioned in the Introduction of this Chapter 6, the interest in
constructing graphene-based hybrids with semiconductor has rapidly expanded in
recent years. More than bare graphene, the use of its derivative RGO (Reduced
Graphene Oxide) is growing, thanks to its processability in solution, also aqueous
ones, which represents a huge advantage especially when dealing with the synthesis
of nanocomposites.! These nanocomposites, which for different applications were
already discussed in Chapter 5, can be prepared by non-covalent approaches. Thanks
to these procedures, the decoration of graphene is carried out without detrimental
effect on the structural properties of the carbonaceous platform, which is retained

and often enhanced thanks to the functionalization with the other components of

the hybrid.”

Interesting materials to prepare nanocomposites with RGO are Nanocrystals (NCs),
thanks to their outstanding size- and shape-dependent properties’ and their high
chemical and photophysical stability. Moreover, they possess a processable surface,
which makes them suitable candidates for the implementation of solution-based
routes for functionalizing graphene derivatives.” In particular, colloidal PbS NCs are
among the most widely studied nanostructured semiconductors in optoelectronics,
for the strong-confinement of their small band-gap, the size-tunable absorption
(which covers the visible and the near-infrared (NIR) spectral region), the high
extinction coefficient, and the narrow photoluminescence emission signal.” The
functionalization of graphene with colloidal PbS NCs semiconductors leads to the
band alignment between the Dirac point of graphene and the LUMO of the PbS
NCs. This effect reflects in the creation of hybrid materials with the UV-Vis-NIR
light harvester property of the nano-objects, combined with the capability of
graphene to extract, and transfer, the exciton photogenerated in the PbS NCs.** In

such a hybrid structure, the exciton radiative recombination processes, typically
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occurring in the light absorbing NCs film, is suppressed and hence, light-energy
conversion efficiencies, enhanced with respect to those of the single components,

O
are reached.””

In this part of the Thesis Project, a one-pot and in sitn colloidal approach to create
RGO-PbS hybrids is deeply studied and optimized. In particular, the PbS
nanocrystals are capped with oleic acid surfactant (OLEA) and are anchored onto
the RGO flakes, which are themselves functionalized with pyrene carboxyl acid
(PCA). This linker allows a strong electron coupling between graphene and PbS
nanocrystals and this results in a strong quenching of the NCs emission and in a high
photoresponsivity, enhanced with respect to the single components. These excellent
properties of the hybrid with respect to its single counterparts let us suppose that
this material could be reasonably applied also as sensing platform, with enhanced

performances and features.
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Materials and Methods
Chemicals

Lead(I) oxide (PbO, powder 99.99%), hexamethyldisilathiane (HMDS, synthesis
grade), toluene (laboratory reagent, =299.3%), tetrachloroethylene (TCE, >99%), 1-
pyrenecarboxylic acid (PCA, 97%),1-Octadecene (ODE, 90% technical grade), oleic
acid (OLEA, technical grade 90%), NaClO, and N-Methyl-2-pyrrolidone (NMP
anhydrous, 99.5%) were purchased from Sigma-Aldrich, and used as received.
Ethanol and tetrachloroethylene (TCE) were purchased from Sigma-Aldrich and
used at the highest purity available. Commercial Reduced Graphene Oxide (RGO,
1.6 nm flakes) was provided by Graphene Supermarket. ITO supporting electrodes

having a surface resistivity of 30-60 Q sq" were purchased from Sigma Aldrich.

Preparation of the 1-pyrenecarboxylic acid (PCA) surface modified Reduced
Graphene Oxide (RGO) complex

5 mg of commercial RGO have been functionalized on its surface and exfoliated in
a solution of 1-pyrenecarboxylic acid (PCA). The PCA:RGO weight ratio was fixed
as 30:1 and 3:1, in N-Methyl-2-pyrrolidone (NMP). The procedure was adapted from
a previously reported one", with some modifications, particulatly focused on the
cycles of bath sonication and stirring. The excess of PCA, not chemically adsorbed
onto the RGO flakes, has been removed by cycles of centrifugation at 10000 rpm
for 15-20 min and re-dispersion in methanol. The effective removal of the non-
chemically adsorbed PCA was verified looking at the UV-Vis absorption spectra of
the PCA-RGO complex, collected after each washing step. This is expected to
remain unchanged and to show only the absorption of the PCA anchored onto the
RGO sheets. Moreover, the TEM images of the dispersion do not show PCA
crystallites on the RGO flakes'’. Then, the datk pellets of the PCA-RGO complex

have been isolated and dried under vacuum.
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Synthesis of the PCA-RGO/PbS NCs hybrid material

Following the procedure previously reported for the preparation of the oleic acid
(OLEA)-coated PbS NCs, by Corricelli et al. and Hines et al.'"'"?, the synthesis of the
PCA-RGO/PbS NC hybrid material was performed, with some modifications. In
more details, in a three-neck flask, 3 mg or 10 mg of the PCA-RGO complex were
added and dispersed in 13 mL of ODE and 45 mg of PbO powder (corresponding
to a 15:1 and 4.5:1 Pb:PCA-RGO weight ratio, respectively). Then, 100 pLL to 2 mL
of OLEA were added (reaching a Pb:OLEA molar ratio between 1:1.5 to 1:30). The
mixture was degassed for about 20 min at the temperature of 120°C, until
decomposition of PbO was observed, due to the formation of the lead-oleate
complex precursor''. Then, the temperature was decreased down to 110°C and the
sulphur precursor solution (21 ul of hexamethyldisilathiane (HMDS) in 2 mL of
ODE, that is a Pb:S molar ratio of 2:1) was rapidly injected under stirring. Then, the
temperature was suddenly cooled down to room temperature. This passage is
essential in order to prevent further nucleation and promote the growth of the PbS
NCs anchored onto the surface of the PCA-RGO flakes. The reaction was stopped
when the flask reached room temperature. The obtained PCA-RGO/PbS NCs
hybrid material was purified from the excess of OLEA by cycles of centrifugation,
using a non-solvent precipitation procedure. This technique was carried out by
adding methanol or ethanol in excess and a black pellet was finally isolated and

dispersed in toluene or TCE, to achieve optically transparent solutions.

A size selective fractional precipitation procedure was performed on the as-
synthesized PCA-RGO/PbS NCs solution, to separate the free OLEA-capped PbS
NCs, homonucleated in solution and not anchored onto the RGO flakes, from the
PCA-RGO/PbS NCs hybrid flakes. This was achieved by centrifuging at 4500 rpm
for 20 minutes, with the addition of methanol in excess. Then, the isolated PCA-

RGO/PbS NCs hybrid flakes were dispersed in toluene or TCE.
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Characterization techniques

e UV-Vis-NIR absorption spectroscopy was performed to characterize the
PCA-RGO/PbS NCs hybrid material dispersed in TCE, by using a Cary
Varian 5000 spectrophotometer. UV-Vis-NIR PL (Photoluminescence)
emission measurements were carried out with a Horiba Jobin Yvon
Fluorolog-3 spectrofluorimeter, by using a 450 Xe lamp as excitation source,
coupled with a double grating Czerny—Turner monochromator for
wavelength selection. The detection system relies on a TBX-PS detector in

the visible range and a Peltier-cooled InGaAs detector in the NIR range.

e Mid-infrared spectra were acquired with a Varian 670-IR spectrometer
equipped with a DTGS (Deuterated Tryglycine Sulfate) detector, having a
spectral resolution of 4 cm™'. For attenuated total reflection (ATR)
measurements, the internal reflection element (IRE) used was a one-bounce
2 mm diameter diamond microprism. The samples were cast directly on the

upper face of the diamond crystal and the solvent was allowed to evaporate.

e Transmission Electron Microscopy (TEM) images of the PCA-
RGO/PbS NCs hybrid flakes were acquired by using a JEOL JEM-1011
microscope, working at an accelerating voltage of 100 kV and equipped with
a high-contrast objective lens, and a W filament as electron source. Under
these conditions, the ultimate point resolution of the microscope was equal
to 0.34 nm. The TEM images were collected by a Gatan SC-1000 Orius
Camera, equipped with a fiber-optical coupled 11 Mp CCD. The samples
were prepared by dipping the 300 mesh amorphous carbon-coated Cu grid
in PCA-RGO/PbS NCs toluene dispersions and letting the solvent to
evaporate. Size statistical analysis (NP average size and size distribution) of
the samples were performed by means of a freeware Image | analysis
program.

e Field Emission Scanning Electron Microscopy (FE-SEM) was

performed with a Zeiss Sigma microscope, operating in the range of 0.5—20
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kV and equipped with an in-lens secondary electron detector and an INCA
Energy Dispersive Spectroscopy (EDS) detector. FE-SEM samples were
prepared by casting a drop of the PCA-RGO/PbS NCs toluene dispersion,
at a proper concentration, onto a silicon slide. Finally, the samples were
mounted onto stainless-steel sample holders by a double-sided carbon tape
and grounded by silver paste.

Electrochemical and spectro-electrochemical measurements of the
bate RGO flakes, the OLEA-capped PbS NCs and the RGO/PbS NCs
hybrid material were performed by drop-casting the sample solutions onto
the ITO supporting electrode and letting the solvent dry under ambient
conditions. A three-electrode cell, integrating the modified ITO as working
electrode (WE), a saturated calomel electrode (SCE, AMEL) and a Pt wire,
as reference (RE) and counter (CE) electrodes, respectively, was used. A 0.1
M NaClOy solution was used as supporting electrolyte. Photocurrent
intensities were measured in air under the potentials of +0.8 and -0.3 V (SCE)
by repeating six cycles of irradiation of the samples with a UV-Vis-NIR light
lamp (Deuterium 30 W and Tungsten 150 W, Spectral Products), equipped
with a monochromator (CM110, Spectral Products). For the measurements,
the hybrid samples were placed at 10 cm from the monochromator and

illuminated at the wavelength of 900 nm and light irradiance of about (4.794

+ 0.002) uW cm™. All the electrochemical measurements were performed
using an AutoLab PGStat30 (Metrohm Autolab, Utrecht, The Netherlands)
connected with a computer equipped with the NOVA 2.1 Software
(Metrohm Autolab, Utrecht, The Netherlands).
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Results and Discussion

The use of PCA ligand is essential to exfoliate the RGO sheets and to stack onto

2,6

their platform by aromatic T—7 interactions.”® Moreover, the carboxylic moieties,

acting as out-of-plane pendants, allow the stable dispersion of the PCA-RGO in
solution, preventing the m—m restacking. The complex is expected to be in single-,

few- and multi- layered sheets."

Subsequently, the PbS nanocrystals are synthesized 7 situ, by a heteronucleation and
growth process onto the carboxylic functionalities of the PCA-RGO complex. In
this passage, the presence of the OLEA surfactant (oleic acid) is essential, since it
acts as capping ligand for the nanocrystals and concomitantly it controls the NCs
growth. A control experiment was performed in order to verify the effectiveness of
the OLEA reagent. The synthesis was conducted also without the addition of the
surfactant and it was verified that in its absence the PbO precursor remains in the
reaction flask as yellow powder. As a consequence, OLEA is essential to dissolve
PbO in the lead oleate monomer complex. In parallel, also the effectiveness of the
PCA linker on RGO was verified, always carrying out the reaction without the
addition of such a reagent. It was found that in this case, the flakes of RGO result

mainly aggregated and without the formation of the nanocrystals.

In order to have a reliable control on the synthesis of the PCA-RGO/PbS NCs
hybrids, the effect of the different synthetic parameters on the resulting
nanocomposite properties has been explored. In particular, the Pb:OLEA ratio was
varied, as well as the PCA:RGO and Pb:PCA-RGO w/w ratio. In this way, the
effectiveness and the role of each component onto the final synthetic procedure was
verified and it was possible to effectively control the formation of a hybrid densely
and uniformly decorated by PbS NCs, with a narrow size distribution and regular

morphology.
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The variation of the Pb:OLEA molar ratio was studied by following the UV-Vis-
NIR absorption and photoluminescence (PL) spectroscopy, together with TEM
analyses, of the as-generated NCs onto the flakes. It was found that by varying the
molar ratio between the lead precursor and the surfactant, the absorption and
photoluminescence peaks change, together with the mean size of the nanocrystals
calculated from statistics performed into TEM micrographs. The size of NCs seems
to increase when increasing the PbO:OLEA ratio (the growth is preferred to the

heteronucleation).

Another set of experiments has been performed by investigating the morphology
and size distribution of the OLEA-coated PbS NPs synthesized onto the PCA-RGO
flakes, by tuning the PCA:RGO and the PbO:PCA-RGO w/w. In this case, a
decreasing in the PCA:RGO w/w leads to a less effective exfoliation of the RGO
flakes, appearing as mostly aggregated nanostructures. Moreover, keeping fixed the
PbO:OLEA molar ratio and the PbO:PCA-RGO w/w, an increase in the PCA-RGO
complex feed leads to a shift of the absorption and PL peaks towards the lower
energy side and to an increase of the dimensions of the OLEA-coated PbS NCs.
These results assess the cooperative effect of OLEA and of the -COOH moieties of
PCA in dissolving the PbO precursor and in generating the lead monomer in the
reaction solution. Indeed, the increase of the concentration of the PCA molecules

leads to lower nucleation events, and hence, to a smaller number of larger in size PbS

NCs.'?

Spectroscopic investigations were also performed onto the nanostructures growth
on the PCA-RGO sheets in order to study their chemical composition and surface
chemistry. EDS analysis of the hybrid (pellet casted from a toluene solution on a
silicon substrate) (Figure 6.2.1), recorded in the range of 0-20 keV, showed typical
features of Pb and S elements (Ka line of S at 2.30 keV and the M« and L« lines of
Pb at 2.34 and 10.55 keV). This evidence allows to effectively assume that the

nanostructures immobilized onto the PCA-RGO sheets are PbS nanocrystals.
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In the inset of the EDS spectrum a SEM image of the hybrid itself is reported, in
which a sheet-like structure with corrugations and bright contrasting wrinkles and
folded edges is evident. This aspect is ascribed to the PCA-RGO flake, coated by the
bright contrasting PbS NCs, meaning that a dense and uniform coating is effective

onto the graphene platform by the semiconductor nanocrystals.

0 1 2 3 4 5 5 7 ) C) 10 11 12 13 " 1% 1 7 18 19
Fu Sceln 1796 cts Cursor: D112 (Dcts)

Figure 6.2.1: EDS spectrum of the PCA-RGO/PbS NCs hybrid. SEM images of the same sample in
the inset.
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Figure 6.2.2 compares the FTR-ATR spectra of the surnatant and of the PCA-
RGO/PbS NCs hybrid flakes isolated in the pellet. In the surnatant sample, the
typical stretching vibration of the OLEA ligand coordinated to the surface of the
PbS NCs are present. Namely, the symmetric stretching of =CH at 3077 cm’, the
asymmetric stretching of —CH; at 2960 cm™, and the symmetric and asymmetric
stretching of -CHzat 2922 cm™ and 2853 cm™, respectively. In the low wavenumber
region, the stretching of -C=C- at 1640 cm, the -CH; bending vibrations at 1465
cm’', the asymmetric and symmetric stretching of the carboxylate ion coordinated to
the NC surface at 1565 cm™ and 1403 cm™, respectively, are evident. Moreover, the
asymmetric -C-O-C- stretching at 1259 cm™, the bending of ~CH and ~CH between
1200 cm™ and 930 cm™ and the bending of ~CH at 800 cm™ are visible. Regarding the
infrared spectrum of the hybrid flakes in the pellet, most of the same features can be

noticed. This demonstrates the presence of the OLEA molecules coordinated to the
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surface of the PbS NCs immobilized onto the PCA-RGO complex. It is worthwhile
to notice that the presence of such a ligand coordinated onto the surface of the NCs

is responsible for the dispersion of the hybrid material in organic solvents.
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Figure 6.2.2: FT-ATR spectra of the PCA-RGO/PbS NCs hybrid (on top) and of the surnatant from
the synthesis (on the bottom).

(Photo)Electrochemical Characterizations

In order to investigate the photoelectrochemical properties of the hybrid, compared
to its relative counterparts (bare PCA-RGO and bare OLEA-capped PbS NCs),

photocurrent measurements have been performed on the different materials.

The hybrid pellet under investigation possess the absorption maximum at 929 nm,
as evidenced by the UV-Vis-NIR absorption spectrum in Figure 6.2.3. For this
reason, the samples were irradiated at the wavelength of 900 nm, by using a UV-Vis-
NIR light lamp equipped with a monochromator. The photocurrent measurements
were carried out by performing a chronoamperometry at two different bias voltages,
namely +0.8 V (SCE) and -0.3 V (SCE), expected to be higher and lower than the
flat band potential of this semiconductor material. The experiments were carried out

in a 0.1 M aqueous solution of NaClO4as supporting electrolyte.

318



0.12

6. Graphene-Semiconductor Hybrids

0.114

—— PCA-RGO/PbS NCs

~
=
o
= 0.104
©
ot
3
S 0.094
S
-
S
= 0.084
0.07 +—+————F—v—T—+—1——T——T—"—1——T——7—
400 500 600 700 800 900 1000 1100 1200 1300 1400

A/ nm

Figure 6.2.3: UV-Vis-NIR absotption specttum of the PCA-RGO/PbS NCs hybrid, with the

maximum of absorption registered at 929 nm.

It must be kept in mind that in this case, dealing with a hybrid and not with a bare

PbS semiconductor, the standard values of the flat band potential could be drastically

changed. In order to have a better comprehension of this parameter, Mott-Schottky
plots on the bare OLEA-PbS NCs were registered, in NaClO4 0.1 M, by varying the
potential between 0 V and -1 V (SCE) at different frequencies (namely, 10 Hz, 31.623
Hz, 100 Hz and 316.23 Hz). Figure 6.2.4 reports the Mott-Schottky plot recorded

at the frequency value of 100 Hz, for which the most linear trend could be fitted.
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Figure 6.2.4: Mott-Schottky plot at 100 Hz, registered
between 0 V and -1 V (SCE) in NaClOy4 0.1 M. Egp =
0.057 V (SCE).

The potential value of the
intersection of the linear plot
with the x-axys is the
effective flat band potential.
In this case, it is calculated to
be equal to 0.057 V (SCE).
The negative slope of the
curve is a confirmation of the
p-type character of the PbS

semiconductor'.
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In the photocurrent experiments, at the beginning the electrode was left in the dark
and at the selected potential (-0.3 V or +0.8 V (SCE)) for 5400 s, in order to reach a
situation of stationary background current. Then, the material was irradiated at the
selected wavelength for a period of 600 s and then left in the dark for 1200 s. These
cycles of light and dark were repeated for 6 times on each sample. Figure 6.2.5
reports a comparison between the hybrid, the only PCA-RGO and the only OLEA-
PbS NCs irradiated at +0.8 V (a) and -0.3 V (SCE) (b).
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Figure 6.2.5: Photocurrent at +0.8 V (SCE) (a) and at -0.3 V (SCE) (b) for the hybrid and the
relative counterparts. Grey part means “light off” while white part means “light on”.
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The grey parts of the graph are related to the period in which the materials are left
in the dark, while the white parts are related to the periods of irradiation. The graphs
start with the initial irradiation (from 5400 to 6000 s) from the beginning of the
chronoamperometry experiment. The photocurrent intensity, on the y-axis, is
normalized for the geometric area of the electrodes, which is in all cases equal to 1

sz.

As it can be noticed from Figure 6.2.5 (a) and (b), bare PCA-RGO working
electrodes do not show any photoresponse at both the investigated bias, because of
the weak incident light absorption of graphene. Photocurrent signals of graphene are
typically recorded under UV-light irradiation and originate from the n-7* transition
of the graphene -C=C- bond’. Conversely, detectable anodic I-# signals have been
collected for the OLEA-PbS NCs and PCA-RGO/PbS NCs hybrid material, at +0.8
V (SCE) (Figure 6.2.5 (a)). These photocurrent densities are due to the intrinsic UV-
Vis-NIR light harvesting capability of the NCs, which, under illumination, generate
electron-hole pairs. These are then separated under the effect of the electric field,
created in the accumulation layer of the electrode/solution junction, which
predominates on the internal electric field generated at the graphene/NC interphase
by their work function mismatch”. In the hybrid material, the electrons

photogenerated in the NCs are transferred to graphene, yielding to an increase of its

“PCA

.

PbS NCs Graphene Fermi level, and concomitantly, the
Z photogenerated holes are transferred to

T
3

[+ I .

the electrode/electrolyte junction for

oxidizing the medium, generating the

Q

Er observed anodic photocurrent. A

schematic representation on what it is

supposed to be generated in the hybrid
Figure 6.2.6: Scheme of what is happening at

the hybrid materials under anodic bias voltage. is reported in Figure 6.2.6.
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The charge transfer from the photoexcited PbS NCs and the PCA-RGO complex
occurs thanks to the pyrene linker, which thus behaves as charge transport channel”.
PCA stabilizes the photogenerated charges by the pyrene n system, and transfers
them to RGO, where they can be stored in the extended n-n network of the aromatic
platform>°
density of the PCA-RGO/PbS NCs hybrid material is one order of magnitude higher
than that of the bare OLEA-PbS NCs. This evidence can be ascribed to the fact that
the Dirac point of graphene is lower than the LUMO level of the PbS NC

semiconductor, and in addition, it lies in between LUMO of PbS and that of I'TO.

. An interesting feature to be noticed is that the anodic photocurrent

This fact, together with the extremely high electron mobility of graphene (10* cm?®/
V s at room temperature), promotes in general the exciton dissociation. The
photogenerated electrons are favoured to pass from PbS to RGO and then to ITO
while, concomitantly, the holes are accumulated at the interface
electrode/electrolyte, where the reaction of the medium (oxidation) can take place,
enhancing the anodic photocurrent density. In more details, thanks to the presence
of graphene, the injection battier at the ITO/PbS NCs interphase is decreased and
the charge withdrawn from the photoexcited PbS NCs to ITO is favoured. As a
consequence, the hole/electron recombination at the NCs defects is suppressed.
Thanks to all these considerations, it is worthwhile noticing that in the case of the
hybrid, the photogenerated current is drastically enhanced with respect to the one of

the correspondent bare PCA-PbS.

Another peculiarity of the photocurrent density of Figure 6.2.5 (a) is that the typical
ON/OFF behaviour is not verified, but there is a steeply increasing photocurrent at
each cycle of illumination until it reaches a plateau value, after five cycles of
illuminations. Such a finding can be inferred to the fact that when the lamp is turned
off, the process of recombination of the photogenerated cartiers does not take place
completely and the system does not reach the pristine equilibrium condition,
resulting in holes trapping in the NCs and accumulation of electrons in the graphene
sheets for capacitive coupling. Additionally, the incompletely recovered
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photocurrent density increases, until the electric field, caused by the accumulation of
charge between graphene and the NCs for charge coupling, balances the electric field

at the electrode/electrolyte junction.

At—0.3V (Figure 6.2.5 (b)), the photocurrent density signal of the bare PCA-RGO

complex is absent and the one of the bare
OLEA-PbS NCs 1is negligible with
respect to the one observed for the

complete hybrid material, which presents

a consistent cathodic photocurrent

density. This is originated from the

separation of the exciton in the NCs,

Figure 6.2.7: Scheme of what is happening
at the hybrid materials under cathodic bias
voltage. the  depletion  layer  of  the

induced by the electric field generated at

electrode/electrolyte junction. This electric field combines with the internal electric
field generated at the interphase between the NCs and graphene'. The result is the
transfer of the photogenerated holes to graphene, which lead to a decrease of its
Fermi level, and in the transfer of photogenerated electrons to the medium, yielding

to the cathodic current (schematic representation in Figure 6.2.7).

An interesting fact that can be drawn from the comparisons of panel (a) and (b) of
Figure 6.2.5, is that the cathodic photocurrent density, recorded at -0.3 V (SCE), of
the hybrid is significantly higher than the anodic one, recorded at +0.8 V (SCE).
Such a result can be reasonably explained considering the intrinsic p-#pe behaviour

of the PbS semiconductor'®

. Such a material, in fact, has the photogenerated holes
as majority carriers, and hence behaves as a photo-cathode. Furthermore, the
cathodic photocurrent density steeply increases at each cycle of illumination and it is
not switched off when the lamp is turned off, showing that also in this condition (as

already observed for the anodic photocurrent) the photoelectrode does not reach the

pristine equilibrium condition. It can be supposed that the photoelectrons are
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accumulated in the NCs, inducing positive charge in the graphene sheets for
capacitive coupling and hence the electric field generated at the graphene/NCs
interphase. Moreover, the electric field at the electrode/electrolyte junction is in
equilibrium, resulting in the plateau value of the cathodic photocurrent after five
cycle of irradiation. This enhanced performance of the hybrid, with respect to the
single components (in this case the active part under illumination, that is the OLEA-
PbS NCs) can be an effective confirmation of the real intimate contact between the
two components of the hybrid, in which the electron coupling is assisted and

stimulated and in which the recombination process is delayed.

In order to clarify the effect of charging and discharging, and to support the
evidences of the photocurrent density measurements, Cyclic Voltammetry (CV) of
the working electrodes modified with the PCA-RGO complex, the OLEA-PbS NCs
and the PCA-RGO/PbS NCs hybrid were recorded before and after the

photocurrent experiments with irradiations.

The CV of the bare OLEA-coated PbS NCs, collected after the photocurrent
analyses at + 0.8 V (Figure 6.2.8 (a)), presents a large cathodic peak at about — 0.3
V (SCE), which is instead not observed in the CV recorded before the photocurrent
measurements (dark line, almost hidden because of the high signals of the other
voltammetries). This peak is most likely due to the discharge of the holes
accumulated at the electrode/electrolyte junction during the photocurrent

experiments.

In fact, as previously mentioned, at this anodic bias voltage the photogenerated holes
are accumulated at the electrode/electrolyte interface. These holes can be filled with
clectrons that are given from the external voltage scan in the cathodic region,
resulting in a big discharging peak. The discharging effect is confirmed by the fact
that in the second cycle this strong signal is almost disappeared, meaning that the

holes were already filled with the first voltage scan.
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Figure 6.2.8: CV of the OLEA-PbS NCs, recorded at 100 mV s in 0.1 M NaClOy, before and
after the photocurrent experiments at +0.8 V (a) and -0.3 V (b).

On the contrary, when the CVs of the OLEA-PbS NCs are collected at — 0.3 V
(SCE), a weak cathodic peak, at ca. 0.4-0.5 V, is observed (Figure 6.2.8 (b)). Such a
signal is observed both before and after the photoelectrochemical experiment, and
thus, it is not consequent to the illumination of the electrode, but it is likely due to
the reduction of the surface PbO layer, generated by oxidation phenomena occurring

onto the PbS NC surface, under illumination and in air.

On the other hand, the CVs of the bare PCA-RGO complex do not show any
cathodic signal after the photocurrent experiment at +0.8 V, but at -0.3 V, they show
a large anodic peak maybe due to the oxidation of the —COOH and -OH
functionalities of the PCA-RGO complex. The fact that this signal is related to an
effective structure of the material and not to an accumulation of charges could be
explained also by the fact that the peak is not disappearing after the first cycle, as on
the contrary happened in the OLEA-PbS system. Even if with lower density current

values, the signal is still well visible (Figure 6.2.9 (a) and (b)).
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Figure 6.2.9: CV of the bare PCA-RGO complex, recorded at 100 mV s in 0.1 M NaClOg, before
and after the photocurrent experiments at +0.8 V (a) and -0.3 V (b).

Finally, the PCA-RGO/PbS NC hybrid material does not present any red/ox signal,
irrespectively of the applied bias, thanks to the capability of RGO, to collect, store

and stabilize the charge in its extended n-n network (Figure 6.2.10 (a) and (b)).
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Figure 6.2.10: CV of the PCA-RGO/PbS NCs hybrid, recorded at 100 mV s in 0.1 M NaClOs,
before and after the photocurrent experiments at +0.8 V (a) and -0.3 V (b).
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Conclusions

In this part of the Thesis Project, a hybrid material based on reduced graphene oxide
and semiconducting PbS nanocrystals has been deeply investigated, starting from the
synthetic route to the final possible applications. In more details, UV-Vis-NIR light
absorbing oleic acid (OLEA)-coated PbS NCs, anchored onto Reduced Graphene
Oxide (RGO) flakes, whose surface is functionalized with 1-pyrene carboxylic acid
(PCA) has been synthesized by a facile and reproducible one-pot and in-situ colloidal
chemical approach. The principal intended application of such a material is the
fabrication of highly photoactive cathodes, but its excellent feature made it a good
candidate to be applied in other electronic and sensors (like spectro-electrochemical,
photo-chemical) applications.

In the hybrid, both OLEA and PCA behave as capping ligands, allowing a
reproducible control on the nano-object morphology. The carboxyl functionalities
of the PCA-RGO complex act as nucleation and growth sites for the PbS
nanocrystals, allowing a uniform coating density. Since the intetlayer distance
between PCA and RGO is short, also the coupling length between the nanocrystals
and graphene is limited. This fact allows relaxation of the eventually photogenerated
exciton in PbS NCs into RGO by charge transfers, resulting in a combination of the
size tunable UV-Vis-NIR light-harvesting properties of the PbS NCs and the
outstanding capability of graphene in extracting and transferring the photogenerated
excitons. In this way, limitations of the relatively low conductive NCs films are
overcome and the result is also a strong quenching of the NCs emission. Indeed, the
manufactured photocathodes show a photoelectric conversion efficiency enhanced
with respect to those of the single components, with a (cathodic) photocurrent
density of -4 pA cm™ under the illumination of lamp source at 900 nm and light
intensity of (4.794 £ 0.002) W cm?, resulting promising for photovoltaics, FETs
and photodetectors.

Finally, the investigated synthetic strategy can be extended to the preparation of

other hybrid materials made of colloidal NCs, having different sizes, shapes and
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chemical compositions (metals, metal oxides, semiconductors), and hence exhibiting

properties appealing for different technological applications.
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7. Conclusions

This PhD Thesis Project was focused on the study of hybrid nanomaterials for the
general purpose of creating electroanalytical sensors. The applications of such
devices were verified to be the most various ones, from environmental to medical
fields. The systems investigated were composed mainly by three big families of
materials:  metals, graphene and  semiconductors, in different conformations and
combinations. For each material, a preliminary electrochemical characterization
permitted, in almost all cases, to effectively verify the presence of interfaces between
the components, allowing to talk about real hybrid materials. Then, their subsequent
application, when possible, for electroanalytical purposes strengthened the thesis that
the hybrids possess enhanced performances with respect to their single components,
allowing to increase the selectivity and sensitivity and to lower the detection limits of

the electroanalytical techniques.

Concerning metal-metal hybrids, the creation of bimetallics that are completely new
materials with respect to their starting monometallic components was verified. These
systems showed strong electrocatalytic effects and different selectivity when applied
for the detection of target analytes. Apart from these good results, in this part of the
Thesis Project it was demonstrated how it is possible to involve electrochemistry not
only as analytical technique, but also as a characterization tool. In fact, results
obtained from the electrochemical data, compared to others gained by conventional
physico-chemical characterization techniques, allowed to draw the same conclusions.
Moreover, it was verified also the possibility to study the evolution of bimetallic
systems during time: a result that it is not always achievable with other techniques.
Such a finding is of great interest, since electrochemistry is serving here as a simple,
easy to use, low cost and alternative tool to know the structure of a system, without
applying other expensive and not so easily accessible techniques, in particular for a

preliminary survey of the material.

Always concerning mefal modified systems, the interest was then moved towards

metal-semiconductor hybrids. In more details, Au/TiO; systems were verified not to be
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real hybrids, since the presence of an interface is still to be clarified and seemed not
to be created. By the way, the presence of both the components in the final system
was exploited in any case, since a promising device for the detection of emerging
contaminants in water was finalized. The presence of gold nanoparticles was essential
to detect the target analyte (Diclofenac), while the presence of the top layer of
titanium dioxide was essential to renew the electrode surface after its fouling and
passivation. In this way, a suitable device for on-/ine, on-site and continuons monitoring
of contaminants is created, also answering to the actual need expressed by the

Legislation.

Passing to another fascinating material, that is graphene, hybrids composed by
graphene (and its derivatives) and mefals nanoparticles were involved for the
finalization of sensors for environmental and diagnostic interest. In more details,
device for the detection of Arsenic were optimized, achieving good detection limits,
in the ppb range. It was verified the effective formation of a hybrid by deeply
studying each component compared with the final system, always underlying the
enhancement in the results gained with the hybrid. The same was observed for
similar materials that were then applied for the detection of analytes of medical
interest, such as the neurotransmitters family. Also in this case, good results (in the
ppb range), in accordance with the benchmark of such molecules and comparable to
other analytical techniques in the field were achieved. Among the graphene-based
materials, also the bio-sensing field was investigated, by constructing ad-hoc
nitrocellulose-based electrodes to be applied for the detection of immunoglobulins
with promising results. An innovative printing technique was involved for the
creation of the platforms and the electrodes were literally hand-made ultimated,

evidencing the possibility to lower the production cost of the materials.

Graphene was studied also in combination with semiconductor nanomaterials, also
employing the use of light in order to verify the effective presence of a hybrid

structure. The final application of these systems was similar to the one previously
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reported (in general, neurotransmitters detection). Apart from the encouraging
results gained in this context, a deep characterization of the materials looking at the
modification of the electrochemical response by changing the electrode surface
morphology was conducted. It was verified how an electrochemical characterization
could give important information on the surface structure of a material as well as on
the presence of impurities (such as functional groups, defects and so on), supporting
once more the previous thesis on the possibility to enrol electrochemistry not only

as analytical technique but also as characterization tool.

Most of the works explained in the Chapters of this Thesis are still in progress and
future developments could be planned for all the different projects. In fact, all the
promising results obtained with the applications of the hybrids materials open the
venue to their applications in the most various fields, from sensing to catalysis, from
electronics to energetics, also allowing to think about multi-purpose, user-friendly

and smart devices.
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Analytical Parameters

All the analytical parameters were determined according to the IUPAC protocols:

e Limit of detection: inferior limit of concentration where the analyte can be
distinguished from the blank.

3.29X 0Blank
S

LoD = , where S, indicating the method calibration sensitivity, is the

slope of the linear calibration plot, and duax 1s the blank standard deviation. When
no blank signal could be detected, g Was estimated by the standard deviation of

10 repeated scans on the same solution of the lowest available standard;

e Limit of quantification: inferior limit of analyte concentration measured with

an acceptable precision and accuracy level.

10X 0Blank

LoQ = , where §, indicating the method calibration sensitivity, is the slope
of the linear calibration plot, and dhiak is the blank standard deviation. When no blank
signal could be detected, dhink Was estimated by the standard deviation of 10 repeated

scans on the same solution of the lowest available standard;
e Relative standard deviation: absolute value of the coefficient of variation.

RSD % = % X 100 , where dbuax is the blank standard deviation, estimated by

the standard deviation of 10 repeated scans on the same solution of the lowest

available standard, and X is the average value, calculated on the 10 repeated scans;

e Apparent recovery factor: observed value, x., derived from an analytical
procedure by means of a calibration graph divided by reference value, x4

indicating the trueness of the method (higher trueness when close to 100%)

Xobs

RF = x 100

Xre f
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Electroanalytical Techniques (outlines)

- Cyclic Voltammetry (CV)
In this technique, the potential of a working electrode is varied linearly with time
until a step potential, where the potential ramp is inverted, and the resulting current
is measured. This method allows characterizing the electrodes, in terms of
capacitance, surface area, diffusion coefficient of the analyte, rate determining steps

and reversibility.

Electrode capacitance C can be calculated varying the scan rate without the
presence of the analyte, from the slope of the plot Az »s scan rate, derived from the

ia_ic

equation = Cv. In more details, a fixed voltage value is chosen, in which no
Faradaic current are present. The related anodic (4) and cathodic (7) capacitive
current are read. Then, ((z,— z)/2)) is calculated and plotted against the voltage scan

rate. From the slope of the relative curve capacitance values are derived.

When the analyte is present and is electroactive, several calculations could be done
in order to understand the mechanism of diffusion of the probe towards the
electrode and the electrochemical reversibility or irreversibility of the reaction. In
more details, if the plot 4 vs ¥ obtained by Randles-Sevcik equation Iy =

0.4463 nFAc (”Z ’;”

0.5
) , [where 7, is the peak current, #» the number of electrons

transferred in the redox event, A the electrode area, I the Faraday Constant, D the
diffusion coefficient, ¢ the bulk concentration and » the scan rate], is linear, the rate
determining step is the diffusion of the analyte to the electrode. On the other hand,
if the peak current is proportional to the scan rate the rate determining step is the
absorption of the analyte on the electrode. Moreover, the slope of the Randles-Sevcik
plot can give information about the diffusion coefficient of the analyte and the

surface area of the electrode.
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Information about the diffusion mechanism can be obtained also from the slope of
the In(%) vs In(v) plot, since the perfect planar diffusional behaviour gives a slope

of 0.5.

A detailed description of the technique can be found in many dedicated books (Bard
& Faulkner, 2001; Bard, 2007; C. M. A. Brett & Oliveira Brett, 1993; R. G. Compton,
C. E. Banks, 2011).

- Electrochemical Impedance Spectroscopy (EIS)

This technique measures the impedance (Z) of a system over a range of frequencies
as a result of the perturbation of an applied potential or current. In this thesis, only
the applied potential was employed to characterize electrodes. Impedance data can
be presented using two types of plot: complex plane or Nyquist plot, the imaginary
part of impedance (Z£”) »s the real part (Z’), and the Bode plots: | Z| »s frequency or
phase angle »s frequency. Moreover, from the fitting of impedance data, information
about the morphology of the electrode surface and the electrical properties can be
obtained, after the choice of the electrical circuit corresponding to the

electrochemical system.

In the equivalent circuit, capacitance and resistance can be found in series or in
parallel and in different combinations. In more details, CPE (instead of normal
capacitance, C) is defined as constant phase element. CPE = [(Ciw)‘]", is modelled
as pure capacitor in the case of & =1 or as non-ideal capacitor, due to the porosity
and non-homogeneity of the surface, for 0.5 < a < 1. Other parameters than can
be found in an equivalent circuit are the diffusional resistance Ry and the diffusional

time constant 7 of the Open Warburg Element, resulting from the equation Zy =

Rweth|(ziw)| (riw) ™, where a < 0.5.

A detailed description of the technique can be found in many dedicated books (Bard,

2007; Orazem & Tribollet, 2008).
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- Other voltammetric or amperometric techniques

This is the list of all the employed electrochemical techniques with a brief description.
A detailed description of all the techniques can be found in many dedicated books
(Bard & Faulkner, 2001; Bard, 2007; C. M. A. Brett & Oliveira Brett, 1993) and it is

out of the scope of this Thesis:

e Linear Sweep Voltammetry (LSV): the potential of a working electrode is

varied linearly with time and the resulting current is measured;

e Linear Sweep AnodicStripping Voltammetry (LSAdSV): preconcentration
deposition is performed before LSV stripping;

e Differential Pulse Voltammetry (DPV): a series of regular voltage pulses is
superimposed on the potential linear sweep and the current is measured before
and after the imposed pulse; the difference of the two measurements (differential

measurement) is plotted against the voltage;

e Chronoamperometry: the potential is maintained at a chosen value and the

resulting current is measured during time.
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