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2 General introduction

2.1 Material selection

Electrochemistry has become an essential part of everyday life. Electrochemical processes are central
to sustainable development, especially in advancing batteries and fuel cells, and play a crucial role in
industrial applications ranging from galvanization to chemical synthesis. They are also employed for
corrosion protection, which mitigates damage valued at over $2.5 trillion annually.’

One often-underappreciated branch of electrochemistry is electrochemical sensing, which has
historically been overshadowed by more traditional analytical techniques. While common devices like
pH meters and glucometers are well-known, the potential of electrochemical sensors extends far
beyond.

The development of low-cost, easily deployable sensors has the power to revolutionize multiple fields.
In healthcare, wearable sensors with loT integration simplify patient monitoring and treatment.
Biosensors with ultra-low detection limits can track biomarkers in bodily fluids. In environmental

applications, commercial electrochemical (EC) sensors already detect gases like CO, NO,, O,, and SO.,.
2

Despite some persistent challenges - such as limited lifespan, stability, and selectivity - the advantages
of EC sensors are compelling. These include miniaturization, integration with loT and Al, multi-analyte
capability, and affordability. They also enable on-site monitoring in industrial and environmental
contexts, reducing the need for complex sampling, preprocessing, and specialized expertise.

Itis within this broader context that my thesis is framed. To support the development of EC sensors, new
analytical techniques and material preparation methods must be explored.

Over the past few decades, photoactive materials—particularly semiconductors and organic dyes—
have gained significant attention for their role in solar energy conversion and photoelectrochemical
applications. Semiconductors, in particular, are favored for their chemical stability, cost-effectiveness,
and widespread industrial applicability. When irradiated with light of suitable energy, these materials
undergo charge separation, generating electron-hole pairs. The photogenerated charges can follow
distinct pathways: electrons (or holes) may migrate through the bulk of the semiconductor and be
collected via an external circuit, while the complementary charges remain at the surface, where they
can participate in redox reactions with adsorbed molecules.

The extent of the chemical reactions can be monitored and controlled by combining irradiation and the
application of a potential via standard electrochemical setup. The main advantage of photo-
electrochemistry is the separation of the exciting source (the light source) and the recorded signal (the
current flowing through the potentiostat). This allows to improve the quality of the analytical measures
by obtaining a better signal to noise ratio.®*

Titanium dioxide (TiO2), a cheap and non-toxic semiconductor, was selected as photoactive material for
this work. It is a white solid with peculiar properties, such as opacity and a very high refractive index,
giving it plenty of applications as a pigment: paintings, medicines, food coloring, plastics and paper are
just some of them. Moreover, itis used as sunscreenin cosmetics, UV blocking agent in plastics industry
and in self-cleaning surfaces—thanks to its photoactivity.>"?

Titanium dioxide can crystallize in several polymorphic forms, yet only rutile and anatase are naturally
occurring. The metastable anatase phase is particularly favored in photocatalytic applications due to
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its enhanced charge carrier dynamics, including the contribution of carriers from deeper within the bulk
material. Rutile, on the other hand, represents the thermodynamically stable phase and typically forms
at elevated temperatures between 600°C and 800°C. Itis also recognized as the second most abundant
mineral source of titania, following ilmenite (FeTiO,)."

The typical photoelectrochemical process is schematized in Figure 2.1. Like other semiconductors,
when TiO, is irradiated at suitable wavelengths (typically in the UV range), it undergoes charge
separation. Being an n-type semiconductor, the resulting photogenerated holes (h*) interact with
adsorbed molecules on the surface. This leads to an anodic photocurrent, proportional to the
interaction of photogenerated holes and adsorbed molecules. For anatase, the band gap is reported
between 3.2-3.4 eV (about 388 nm).
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Figure 2.1 - Typical photo-electrochemical behavior of n-type and p-type semiconductors

These photogenerated charges, especially when combined with an externally applied potential, can
drive photoelectrochemical (PEC) reactions. PEC sensors have gained attention for their advantages:
high stability, low power consumption, rapid response, operational simplicity, and reduced background
noise—thanks to the separation between the excitation source and the detected electrical signal.®#

TiO, was among the first materials studied for PEC applications, due to its known photocatalytic
properties. Nonetheless, limitations remain: rapid recombination of photogenerated charges and
activity limited to intense UV light. To overcome these issues, researchers have developed strategies
such as morphological tuning, doping, quantum dot sensitization, cocatalyst deposition, and formation
of heterojunctions.

The latter, in particular, has proven effective—especially when forming semiconductor-metal
nanoparticle heterojunctions. Photogenerated electrons can transfer to metal nanoparticles and
remain trapped via Schottky barriers, preventing recombination. Moreover, using metals with localized
surface plasmon resonance (LSPR) properties (e.g., Au and Ag) enhances visible light absorption.

The combination of materials to achieve superior properties is a central strategy in modern chemistry.
Electrochemical measurements often rely on active materials that catalyze reactions efficiently—
typically precious metals like Pt, Ir, Au, or Ag. Integrating these with more abundant and cost-effective
materials is both economically and environmentally necessary.



The combined presence of TiO, and metal catalysts allows on the one hand to continue to exploit the
catalytic properties of the metals, and on the other to introduce in the device the photoactive properties
of T|02

Wet-chemical methods are among the most widely employed strategies for the synthesis of metal
nanoparticles and their subsequent deposition on conductive supports; however, they present several
intrinsic drawbacks that limit their applicability in device fabrication. These approaches typically require
the use of chemical reducing agents, stabilizers, or surfactants, which can introduce impurities and
complicate post-synthesis purification. Moreover, the spatial distribution of nanoparticles on the
support is often poorly controlled, leading to aggregation or uneven coverage, while the overall metal
loading is difficult to tune with precision. In many cases, molecular linkers are required to anchor the
nanoparticles to the substrate, which can compromise electrical conductivity and long-term stability.
The nanoparticles are then drop-casted on top, and weakly bond to the surface. As aresult, the obtained
devices frequently suffer from metal leaching or detachment under operational conditions, reducing
their durability and reproducibility. "7

Electrochemical deposition, although considered a greener alternative due to the absence of chemical
reductants, faces similar challenges: the morphology and size distribution of the deposited
nanoparticles are strongly dependent on deposition parameters, often requiring complex templating
procedures, and achieving uniform coverage or precise control over loading remains difficult. &'

These limitations highlight the need for advanced deposition strategies that combine nanoscale
precision with chemical and structural stability.

Solid state dewetting is a physical method to prepare metal nanoparticles on solid supports without
needing a chemical synthesis step. A thin metal film can be sputtered on the surface, and thermal
aggregation is achieved upon heating. 2°

This process, as explained in the literature, is driven by the minimization of interfacial and surface
energies. Upon heating, increased atomic mobility enables surface diffusion, leading to the rupture of
the continuous film. The energetically unfavorable metal-FTO interface promotes retraction of the film
into isolated nanoparticles, whose size and distribution are influenced by initial film parameters and
substrate topography.2>-2

Historically, dewetting has been studied due to the problem it poses in microelectronics, where the
agglomeration of Au lines leads to break up of an interconnect, as shown in Figure 2.2.%
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Figure 2.2 - Example of dewetting of a Au line-patterned film on a fused silica substrate: (a) before annealing; (b) partially
agglomerated; (c) fully agglomerated 24

The dewetting mechanism is reported in Figure 2.3. The solid-state dewetting process begins with the
spontaneous emergence of voids or holes at specific defect sites. In the case of a policristalline film,
this coincides with the grain boundaries.

This initiates a material flux (J), where atoms of the material migrate out of the dewetting zone through
capillary-driven surface diffusion. The displaced metal accumulates at the dewetting front, forming a
rim (Figure 2.3 A). Depending on the film’s crystallographic characteristics, this rim can appear either
smooth or faceted, with its height influenced by the rate of dewetting and the surface diffusion kinetics
of adatoms.

As the rim retracts, a valley typically forms behind it due to Rayleigh instability. When this valley deepens
enough to expose the underlying substrate, a pinch-off event occurs, leaving behind a thin line—or
wire—of material (Figure 2.3 B).

Without stabilizing influences, the rim itself eventually becomes unstable over a certain length. This
instability leads to the formation of large, ordered arrays of elongated features known as "fingers."
Ultimately, these fingers fragmentinto three-dimensionalislands through a beading process akin to the
Rayleigh-Plateau instability (Figure 2.3 C).
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Figure 2.3 - Sketch of the mechanism of solid state dewetting of a metal thin film on a smooth surface illustrating: (a) grain boundary
grooving and hole formation; (b) film edge retraction and rim pinch-off; (c) rim instability and break up
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The technique is particularly versatile, and different procedures are reported in the literature to achieve
the formation of nanoparticles with even more controlled size and spatial distribution: thermal heating
can be coupled with laser irradiation,? a sacrificial polymer layer?® or a nanostructured support can be
used to guide the nanoparticles formation.

Avariety of electrodes support material can be used to prepare metalnanoparticles on top, ranging from
carbon and silicon-based flat surfaces ?’ to glass supports like fluorine doped tin oxide (FTO) and indium
tin oxide (ITO) coated glass slides, presenting higher surface roughness that could affect the dewetting
process.®

The obtained devices are applied for a variety of applications, ranging from Surface Enhanced Raman
Spectroscopy (SERS) supports? to plasmonic 2 and optical *° sensors. The presence of analyte could
thus cause the rise of a specific Raman peak, the shift of a Localized Surface Plasmon Resonance
(LSPR) peak or the reduction of the light transmittance of the device, respectively.

Even though nanoparticles play a crucial role in electrochemical sensing, most articles related to
dewetted material studies do not propose electrochemical sensing as possible application, focusing
mainly on plasmonic sensors and spatially resolved catalysts.®® Among the application in
electrochemical sensing, dewetted gold is the metal that receive most attention.

Dewetted nanoparticles were studied for biosensing 2 on glass coated supports, glucose detection on
graphene ®, and glyphosate detection on graphite paper. 3 Screen Printed Electrodes (SPEs) made with
Boron Doped Diamond modified with Au structures, have also been used for dopamine detection,
comparing the performances of different gold loadings.®

To enhance the reliability of electrochemical sensors, several challenges must be addressed,
particularly sensor instability, caused by the loss of catalyst material, fouling and false positives.*%

The first issue can be addressed by depositing a TiO, layer on top of the metal nanoparticles, using it to
enhance the structural stability of the device. Thanks to the porous nature of the TiO, film, contact
between the underlying nanoparticles and the solution is preserved, rather than completely isolating
them.®° Fouling, which can decrease sensor performance, is often mitigated by using self-renewing
surfaces like titanium dioxide (TiO»)*': upon irradiation, electron-hole separation occurs in the anatase
semiconductor and the holes, trapped on the material’s surface, can oxidize adsorbed molecules, thus
cleaning the electrode’s surface.*



While issues like catalyst loss and fouling can often be solved by improving materials or using protective
layers, false positives present a more complicated challenge. These errors happen when the sensor
reacts to substances that are not the target analyte but look or behave similarly, leading to incorrect
results. This is especially problematic in areas like medical testing or environmental monitoring.

False positives are typically addressed through the development of advanced materials like molecularly
imprinted polymers (MIPs) or bio-engineered surfaces, both of which can suffer from stability issues. As
an alternative approach, a bimodal sensor, able to combine different techniques to quantify the same
analyte can be designed.** By comparing the results of two distinct techniques, cross-validation can be
achieved, enhancing the sensor’s accuracy.



2.2 Target molecules

Throughout this Thesis, a variety of analytes were systematically selected and employed as model
systems to investigate the electrochemical and photoelectrochemical behavior of the fabricated
electrodes.

2.2.1 Ciprofloxacin

One of the fields where photo-electrochemical sensors have been applied very recently is the analysis
of antibiotics*, up to now mainly using systems with recognition elements for the analyte, such as
molecular imprinted polymers, aptamers, and enzymes. These systems have the advantage of being
highly selective, but facing the drawbacks of more complicated synthetic procedures and storage.
Instead, thanks to the intrinsic interaction of the photoactive material with the analyte, without the need
for a recognition system, more robust and simpler systems can be built.
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Figure 2.4 - Ciprofloxacin molecular structure

Among the antibiotics detected by PEC there is ciprofloxacin -, a third-generation quinolone drug,
widely applied for clinical medicine, in livestock and poultry farming, but which has been discovered to
be dangerous for the environment even in small quantities, especially for toxicity problems on
wastewater and surface water. Ciprofloxacin molecular structure is reported in Figure 2.4. However,
these studies are few and above all based on analyses in which the drop in the photocurrent (signal-off
type PEC, see Figure 2.5) is observed due to the presence of ciprofloxacin on the surface of the
photoelectrode, which hinders the electron transfer =, This type of detection is more problematic for
interferents than a signal-on type PEC, where there is a real chemical reaction between the photoactive
material and the analyte and therefore an increase in the photocurrent signal.
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Figure 2.5 - Comparison of signal off and signal on PEC detections. Blu and green values are recorded when the analyte is present

10



The oxidation process, already investigated in the literature, involves the oxidation of the piperazine
ring.®® This investigation of this process is particularly important in the field of environmental
remediation, as can lead to the formation of toxic byproducts.®

In Chapter 4, the heterojunction formed by gold nanoparticles coated with a porous titanium dioxide
film is investigated for the first time for the signal-on photoelectrochemical determination of
ciprofloxacin, using low power light sources. The goal is to obtain a robust system, with good analytical
parameters and without interference problems. The system will be compared with titanium dioxide
alone, to fully understand the key role represented by the semiconductor-metal heterojunction.

2.2.2 H20:

Another molecule used to probe the response of the devices is hydrogen peroxide (H20,). This molecule
was selected to test uncovered Au structures due to its ability be easily detected on gold structures,
while not being affected by the underlying FTO conductive support.

Furthermore, the ability to detect the molecule either via electrochemical oxidation or reduction paves
the way for the development of the bimodal detection previously introduced, where two complementary
technigues used on the same device allow to achieve internal cross validation and improve the
reliability of the detection.

The reaction of H,O, is also widely known in the literature.® The expected CVs are reported in Figure 2.6:

60 - s
40 - Oxidation

-400 0 400 800 1200
E (mV)

Figure 2.6 - CV of gold electrode pH 7.4 phosphate buffer in presence of 10 mM H,0; before and after sonication, retrieved from the
literature %2

The continue curve reported in Figure 2.6 is recorded with a gold disk electrode in pH 7.4 phosphate
buffer in presence of 10 mM H,0.. It clearly presents two oxidation peaks, the first one at +490 mV vs
Ag/AgCl and the second one at +870 mV vs Ag/AgCL. If the solution is stirred or sonicated, the first peak
decreases and the second one increases concomitantly until the first one completely disappears. The
use of polishing material for the pre-treatment of the gold electrode also leads to the inhibition of the
first peak. It is believed that the presence of organic compounds (like surfactants) lead to a loss of
hydrophilicity of the gold surface and a competitive adsorption between hydroxide ions and any organic
trace. This phenomenon dramatically affect the electrochemical oxidation of H,0,.5*%7
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The same effect can happen when working with solution contaminated with any soluble compound
readily adsorbed on gold, like Cl or trace contaminations in deionized water.%® This can justify the lack
of consensus in the literature, where some works focus on the potential of + 800 mV and other notice
the oxidation at + 475 mV. 58%°

In acidic solutions (pH 4.7 acetate buffer, pH 2 sulfuric acid), only the second oxidation peak is
observed.

In alkaline media (pH 10.5 borate, pH 12 NaOH) the observations reported for pH 7.4 are still valid, but
a high reoxidation component in the cathodic scan can be observed, similarly to what happens with
glucose on gold.®°

CV datareported in literature show that leaving gold electrodes in air for 2 days leads to the inhibition of
the first peak and extensive mechanical and electrochemical cleaning is needed in order to recover it,
suggesting that a layer of gold oxide can inhibit the first peak. It is therefore suggested that the pre-
oxidized form of gold (Au-OH) favors the reaction, likely because of H-bonding between -OH groups
physiosorbed on the surface and H,O,. -

As for the reduction of H,O,, when the first anodic peak is observed, two cathodic signals can be
observed (one related to H,O, and one to the oxygen produced in the anodic scan), while this distinction
could not be observed in the cases where only the second anodic peak was observed.®® It is also
possible to study the behavior of H,O, using chronoamperometry. In this case, working at a constant
potentialis not advised. A multiple-pulse chronoamperometry leads to better results as reported in the
literature.®®

Although the study of the reaction mechanism lays outside the scope of this thesis, a list of possible
reactions involving H,O, is reported in Table 2.1.%®

Table 2.1 - List of reactions involving H,0, on a metal electrode

pH Pathway Reactions E° vs. RHE!
<7 Direct four-electron O, +4H* + 46~ —» 2 H.0 1.230
<7 two-electron O, + 2H* + 26~ — H.0O» 0.695
<7 - H.O: + 2H* + 2e- — 2 H.O 1.776
>7 Direct four-electron 02+ 2 H.O +4e- — 4 OH- 1.230
>7 two-electron 0, + H,O + 2e- —» H.0O- + OH- | 0.695
>7 - H.O- + H.0 + 2e~ = OH- 1.776

For the remainder of this thesis, sodium perchlorate (NaClO,) was used as the supporting electrolyte.
This choice was guided by literature reports indicating that perchlorate ions exhibit minimal interaction
with gold surfaces. As a result, NaClO, provides a chemically inert background that avoids unwanted
side reactions or surface modifications, ensuring that the observed electrochemical behavior is
primarily due to the analytes under investigation.

12



2.2.3 Cetirizine

Building on the extensive and promising results achieved with the TiO,~gold composite system, the
focus of this work then shifts toward exploring a related, yet distinct, material configuration by
substituting gold with silver. This modification aims to investigate how the different physicochemical
properties of silver influence the overall electrochemical and photoelectrochemical performance of the
TiO,-based composite, and to assess its potential for sensing applications. Silver presents interesting
electrochemical properties, e.g. excellent catalysis toward reductive dehalogenation of organic
molecules. 845

In fact, modification of the electrodes with silver structures received great consideration in sensing
application due to their ability to increase the surface area and conductivity of the material, but also
thanks to their specific catalytic properties.®’

A specific analyte was selected to be the target of this study: cetirizine (CTZ), whose structure is
reported in Figure 2.7. In this piperazine derivative, hydrogens attached to nitrogen are replaced by a (4-
chlorophenyl)(phenyl)methyl and a 2-(carboxymethoxy)ethyl group, respectively. Commonly used as
antihistaminic, it is widely considered a second generation drug due to its low activity on the central
nervous system, which prevents side effects like drowsiness, but has different physicochemical,
pharmacokinetic, and pharmacodynamic behaviour.®®

=
cl O K/N\/\o“g/ o

Figure 2.7 - Cetirizine molecular structure

The molecule, assumed orally, is poorly metabolized,®® and is commonly found in wastewaters with
variable concentration, depending on the incidence of seasonal allergies, and is not removed effectively
by treatment plants and is stable in river water.”%”"

Cetirizine is reported in the literature to be detected via pulsed voltammetric techniques (namely
Square Wave Voltammetry — SWV) at relatively high overpotential (1.0 V vs Ag/AgCl) using disposable
carbon based electrodes.”? Oxidation of the molecule can also be carried out on carbon materials after
modifications, e.g. with l-leucine,” poly-methyl orange,” graphene oxide and cholesterol, ° graphene
and ZnO NPs.”® Carbon nanotubes, modified with silver-doped TiO, nanoparticles, were also used for
the electrooxidation of cetirizine. ”” The mechanism of cetirizine oxidation has been widely studied and,
according to the literature it starts with the N- oxidation of the sterically less hindered piperazine
nitrogen.”®

On the other hand, the molecule presents other functional groups such as a chlorine atom, which can
be the site of a reductive dehalogenation catalyzed by metal structures, especially silver.

Interestingly, although it is known in the literature that silver has good catalytic activity toward the
reduction of halogenated molecules,”®® most sensing works focus instead on the oxidation of the
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cetirizine molecule, and none of them exploits a bimodal electrochemical- photoelectrochemical
detection.

In the final chapter of this thesis, the concept of bimodal sensing is experimentally validated by
employing a single device to detect cetirizine through two distinct mechanisms: photoelectrochemical
oxidation and electrochemical reduction, as schematized in Figure 2.8. By applying both detection
modes to the same analyte under comparable conditions, the study enables internal cross-validation
of the results. This dual-mode approach not only enhances the robustness and reliability of the sensing
platform but also provides complementary insights into the analyte’s electrochemical behavior, thereby
strengthening the overall analytical performance of the device.

CB

E—: Analyte photo-oxidation
I

VB

[ (TiO, Layer)
W’<D

o
1
WE

cr O o/YOH

(]

CHLCL+

e, Analyte reduction
[i\ﬂjtl/\iq (Metal structure)

Figure 2.8 - Schematized representation of the bimodal detection performed toward cetirizine using a FTO/Ag/TiO, electrode
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2.3 Aim of the Thesis

This thesis examinesthe preparation, characterization, and implementation of electrochemical sensors
that integrate the properties of metallic structures with a titanium dioxide (TiO,) layer. The first chapter
investigates TiO, itself, aiming to optimize deposition parameters, especially sol aging time, and
highlights its significant influence on the photoactivity of the resulting layer.

In the second chapter, a proof-of-concept device is introduced that combines the TiO, layer with
chemically synthesized and drop-casted gold nanoparticles. While this configuration demonstrates
enhanced sensing performances compared to TiO, alone, it also reveals the limitations of the
deposition method in terms of reproducibility and control over the nanoparticle quantity. Consequently,
the need for a more refined approach becomes evident.

Chapter three presents a new physical technique for nanoparticle preparation. These structures are
extensively characterized and evaluated for their stability and electrochemical behavior, and tested
toward the detection of H,0O,.

The dewetted structures are subsequently coated with TiO,. A comparative analysis between the coated
and uncoated systems follows, emphasizing two major findings: the complete sensor structure exhibits
increased surface stability compared to configurations with exposed metallic features, and the TiO,
layer—while slightly reducing electrochemical sensitivity—enables the incorporation of photoactive
functionality. This dual capability results in a bimodal sensing platform that can perform both
electrochemical and photo-electrochemical measurements.

The final chapter explores the potential of silver-based structures as alternatives to gold. Although silver
proves to be less stable, it offers promising catalytic properties. To counteract its instability, a TiO,
coating is applied to prolong durability, and the final sensor is tested across both electrochemical and
photo-electrochemical modalities, proving experimentally the concept of bimodal electrochemicaland
photo-electrochemical detection.
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3 TiOz investigation

Titanium dioxide (TiO,) layers were deposited using a conventional wet chemical method on conductive
fluorine doped tin oxide (FTO) coated glass slides. The process began with the preparation of a TiO, sol
from titanium (V) isopropoxide as the precursor, which was then allowed to age, promoting the
formation of TiO, in slightly acidic environment. An FTO electrode was subsequently dip-coated in the
sol to deposit a thin film. Although the method required considerable operator expertise, it yielded
reproducible results. Finally, the coated electrode was calcinated at high temperature to induce the
formation of the anatase crystalline phase, known for its excellent photoactivity and thermal stability.
The detailed procedures are reported in Chapter 10.1.

The preparation and aging of the TiO; sol used for the coating were extensively studied and optimized,
continuing the development from previous works.***2882 The sol proved to be very susceptible to
temperature and humidity, and the electrochemical behavior of the TiO, changed depending on the sol
aging time, probably due to a change in the film’s morphology. Aging time between 7 and 60 days were
selected for the sol aging time study.

As shown in Figure 3.1, cyclic voltammetry (CV) curves’ shape of FTO/TiO, electrodes change with the
sol aging time, suggesting that a different diffusion process takes place at the electrode surfaces.®® In
particular, the peak-like shape observed at 7 days of sol aging is compatible with linear diffusion, while
the step-like signal at longer sol aging periods indicates the presence of convergent diffusion. Further
information and the theoretical background of diffusion processes are presented in Section 9.1.
Electrochemical Impedance Spectroscopy (EIS) measurements also confirm that the films at various
aging times are characterized by a different charge transfer resistance. One possible hypothesis is that
during the aging of the sol, TiO, nanoparticles increase their size, and this leads to a different
morphology of the film with different pore size and different overall thickness. The higher resistance
recorded for 14 days of aging is compatible with a more uniform layer.
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Figure 3.1 - (left) CV recorded with a FTO/TiO, electrode at 100 mV/s in NaClO4 0.1M, using 3 mM K4[Fe(CN)s] as probe molecule;
(right) EIS measurements recorded in the same conditions
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Different batches of soil were prepared, months apart, and each batch was used to prepare bare TiO,
electrodes and composites materials, focusing in particular on the photoactive behavior of the
electrodes.

Analyzing the photocurrent response of the bare TiO; electrode it was found that a specific trend in the
photocurrent intensity could be observed, with a maximum in the signal intensity observable around
two weeks of sol aging. The trend is maintained by changing the operating conditions, e.g. by moving
from a high power irradiation source (Figure 3.2 A) to a low power one (Figure 3.2 B). Different batches
of TiO; presented the same trend.
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Figure 3.2 - Photocurrent intensity trend of a TiO; electrode under different light sources: (A) a 500W UV lamp — the emission spectra
is reported in Chapter 10 - and (B) a low power LED at 395 nm

By analyzing the shape of the normalized photocurrent signal, reported in Figure 3.3 A, itis clear that the
photocurrent decay happens with different electron-hole recombination times depending on the sol
aging time. To get a better understanding of the occurring process, the e-h recombination times of the

materials were calculated using a bi-exponential fitting of the form y = y, + Ale_x/ﬁ + Aze_x/tz.

The obtained data confirm the trend observed with the intensity: for bare titanium dioxide, slightly higher
electron-hole recombination times were obtained at 14 days of aging. This increase in recombination
time indicates a reduced rate of electron-hole pair annihilation, which is beneficial for photocatalytic
applications. Slower recombination allows charge carriers (electrons and holes) to survive longer,
increasing the likelihood that they will participate in surface reactions before recombining.
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Figure 3.3 - (A) Normalized photocurrent for TiO; electrodes prepared with different sol ageing times and (B) TiO, e-h recombination
times calculated for different baches of TiO; sol

Itis clear from the tests that the best results are obtained when the TiO, deposition is carried out using
a two weeks old sol, and therefore these conditions will be used for the rest of the Thesis.

The thickness of the TiO, layer was investigated in collaboration with previous member of the ELAN
group.” Profilometry measurements were conducted using two FTO-coated glass slides partially
dipped in a TiO sol. One resulting graph is reported in Figure 3.4: the profilometer tip moves from the
uncoated area to the coated region, and the height difference between the two was calculated. The TiO,
layer aged for 7 days is thicker than the layer at 14 or 30 days of aging. This could lead to deeper pores
on the surface of the titanium dioxide layer and thus to a different diffusion mechanism (in this case,

linear diffusion), as already proven with CV.

Figure 3.4 - Profilometric graph. The red circles are the point where the point s were taken for the measurement
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7 days 14 days 30 days
Sample A (155 £52) nm (55 £22) nm (84 £25) nm
Sample B (99 £19) nm (72 +13) nm (81 £13) nm

Table 3.1 - Thickness values of different FTO/TiO, electrodes prepared at different aging times of the sol.

It is also worth noting that although the same trends are observed in all the prepared baches of TiO, sol,
the overall intensity varies a lot, and is highly susceptible to ambient conditions, like humidity and
temperature. Unfortunately, it was not possible to work in a climate-controlled room, and this
sometimes leads to non-uniform TiO, coverage on the electrodes, as shown in Figure 3.5. The surface
is often characterized by the presence of uncovered FTO surface (light-colored regions), thicker TiO,
deposits (the darker regions in the SEM images) and crevices that separate the more uniform TiO;
regions.

L D36 x500 200um 0092 2022/06/20 14:48 L D42 x600 100 um

DF110000 L D37 x120 500um DF120001

Figure 3.5 - TiO; layer deposited on FTO glass slides

This non-uniformity can greatly affect the analysis, especially when metal structures are present below
the TiO, layer. One extreme example is reported in Figure 3.6, where it is possible to observe uncovered
FTO surface as the light grey region, TiO, deposits (grey and black, depending on the thickness) and
exposed gold structures (white points). The composition of the different regions was identified using
SEM-EDX point-measures.
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Figure 3.6 - SEM image of a FTO/Au/TiO; electrode with EDX spectra recorded at specific points
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X-Ray Diffraction (XRD) measures, reported in Figure 3.7, indicate the presence of the crystal structure
of anatase, confirming previous reports present in the literature,* although a component of amorphous
TiO, is also present, covering most of the 101 anatase signal at 25.08°. The intense lines at 27.18°,
34.36°, 38.36°, and 52.12° are attributed to the 110, 101, 200 and 211 planes of the SnO, crystal
structure cassiterite, respectively. The presence of high crystallinity SnO,, already discussed in the
literature for these electrodes, is required to achieve the low electronic resistance of the FTO-coated
glass slides.®
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Figure 3.7 - XRD pattern of (A) one of the prepared devices and (B) TiO, prepared using the same procedure, according to the
literature
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4 Hybrid AuNPs/TiO. electrode

In this chapter, the previously introduced TiO, layer will be used to cover drop-casted gold
nanoparticles. The main goalis to understand how the properties of this new “hybrid” material compare
to those of a bare TiO; film, especially regarding the photo-electrochemical (PEC) performances.

4.1 Electrodes Preparation and characterization

The preparation of the device is schematized in Figure 4.1 and its experimental details are reported in
Section 10.1 (preparation of the TiO2 sol), 10.2 (preparation of the gold nanoparticles) and 10.3 (gold
nanoparticles deposition).
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Figure 4.1 - Preparation of a TiOz/AuNPs/FTO electrode

The final device is composed of gold nanoparticles (AuNPs) covered by a titanium dioxide (TiO,) layer,
as presented in the scheme of Figure 4.2 A.

The nanoparticles were obtained with a Turkevic synthesis and were characterized by UV-vis
spectroscopy, obtaining the classic 520 nm plasmon band (Figure 4.3 A), and by DLS measurements,
showing an average size for the nanoparticles of 10 nm (Figure 4.3 B). After synthesis, gold nanoparticles
were immobilized on a Fluorine doped Tin Oxide conductive glass (FTO), through the use of silanes. The

TiO, layer was subsequently placed by dip coating in a previously prepared sol and the electrode was
thus calcined.

EDX measurements were perfromed on the electrode’s surface. The peaks without labelling at 3and 4.2
keV are attributed to Sn, while no peak could be observed for Au due to its low concentration. (Figure
4.2). From the SEM image it can be observed that the electrode surface is very uniform Figure 4.2 (inset
B) and the average roughness obtained at the AFM is (8.6 £ 0.9) nm (Figure 4.2 inset C).

21



0 2 4
Full Scale 5155 cts Cursor: 0.000

Element Weight percentage
Silicon 0.5 %
Titanium 18.0 %
Tin 81.5 %
! i
6 8 10 16 18 20
keV

Figure 4.2 — EDX spectra of the obtained electrode. The device’s structure (A), SEM (B) and AFM (C) images of the surface are
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The device (TiO./AuNPs) was electrochemically characterized by Cyclic Voltammetry (CV) and
Electrochemical Impedance Spectroscopy (EIS), also considering the comparisons with the individual
components: only conductive glass (FTO), gold nanoparticles deposited on FTO (AuNPs) and titanium

dioxide deposited on FTO (TiOy).

Cyclic voltammetry performed on the electrolyte solution without the presence of molecular probe
(Figure 4.4 A, inset) shows that FTO and TiO. present no signal, as expected, while AuNPs and
TiO./AuNPs show the typical oxidation plateau and the reduction peak of gold. The latter are evident,
especially for TIO2/AuNPs, indicating a stabilization and a better electrochemistry of gold nanoparticles
after coverage with titania layer. It is also important to consider that this coverage inhibits the loss of
gold in solution during the analyses, as instead happens for AuUNPs (Figure 4.4 B).
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Figure 4.4 — (A) CV recorded in NaClO4 0.1 M with and without (inset) ferrocyanide. (B) Evolution of the CV shape of exposed gold
nanoparticles on FTO

Cyclic voltammetry performed in the presence of Fe[CNg]*/Fe[CNs]* as probe molecule (Figure 4.4 A)
shows the typical peak signals for FTO and AuNPs, slightly more intense when gold nanoparticles are
present. For TiO2 and TiO,/AuNPs, on the other hand, the signal appears to be a step, indicating that a
different diffusion mechanism is present when the titania layer covers the electrode. In fact, it appears
to be porous, and confirms the presence of a convergent diffusion mechanism.

The convergent diffusion is also confirmed by the study of the scan rates %, which shows a slope of the
logarithmic graph (Table 4.1, 2" column) that deviates from the typically planar diffusion value of 0.5 for
the two samples covered by titania. Moreover, the faradic current is higher for TiO,/AuNPs than for TiOo,
since the presence of gold helps the probe reaction.

CPEo. /
(n(j) VS In(v) UF cm2se Qo Rer/ Qem?  Rw/ Qem? Ow
1
FTO 0.46 17.4 0.86 56.8 2380 0.500
AuNPs 0.416 1240 0.44 91 8670 0.52
TiO, 0.38 10.3 0.850 2836 2852 0.19
TiO2/AuNPs 0.20 15.9 0.860 2836 356 0.11

Table 4.1 - CV and EIS parameters for FTO, AuNPs, TiO, and TiO2/AuNPs in the presence of [Fe(CN)e]*/[Fe(CN)s]> 3 mM in 0.1M
NaClO4

Electrochemical impedance spectroscopy performed in the presence of the probe molecule shows a
similar trend in the complex plane plot for all samples (Figure 4.5 A), with a semicircle at high
frequencies and a line at low frequencies. This trend is also confirmed by the presence in the Bode plot
(Figure 4.5 B) of a peak for all samples.

The equivalent circuit employed to fit experimental data is the typical Randles circuit (Figure 4.5, inset),
composed by the cell resistance Rw in series with the electrical double layer capacitance CPEp.  and the
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charge transfer resistance Rcr (in series with an open Warburg element, Zw), respectively in parallel. The
electric double layer capacitance was fitted with a constant phase element (CPE), since the electrode
surface is not completely homogeneous, and it is higher and more inhomogeneous (ap. further from 1)
for AuNPs (Table 4.1, 3 and 4™ columns), as expected.

The Rcrvalues are instead very low for FTO and AuNPs, since they are completely conductive surfaces,
while they obviously increase for TiO/AuNPs and TiO,, recording the highest value for TiO,. These results
are also visible by observing the diameter of the semicircle in the complex plane plot (Figure 4.2 A) and
the frequency of the peaks in the Bode plot (Figure 4.2 B), since the higher the frequency, the easier the
reaction, and confirmthe trend of the peaks in CV (Figure 4.4). The analysis of the mass transfer, instead,
shows the presence of a very strong convergent diffusion (as previously observed by CV), especially for
TiO2/AuNPs. In this case the lowest value of resistance to mass transfer Rw and aw are recorded (Table
4.1, 5™ and 6" columns), further from 0.5 (typical of a planar diffusive controlled system), as can also
be seen from the Bode graph.
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Figure 4.5 - Complex plane plots (A) and Bode phase plots at + 0.25 V (B) registered in 0.1 M NaClO4 in the presence of 3 mM
[Fe(CN)s]*/[Fe(CN)¢]*~ for FTO, AuNPs, TiO, and TiO,/AuNPs

4.2 PEC characterization

Considering that the aim of this chapter is to try to use the complete device for photo-electroanalysis,
it is also important to carry out a photoelectrochemical characterization by means of electrochemical
impedance spectroscopy and photocurrent analysis, comparing especially the samples containing
titania.

From the impedance analyses carried out on the electrolyte in the dark or under irradiation, semicircles
in the entire frequency range are obtained for all cases in the complex plane plot (Figure 4.6 A). The
corresponding equivalent circuit (Figure 4.6, inset) is composed by the cell resistance Rw in series with
the electric double layer capacitance CPEp. and with the film resistance R, respectively in parallel.

From a first analysis it can be seen that for both TiO, and TiO,/AuNPs systems the diameter of the
semicircles and the film resistances (Table 4.2, 5" column) decrease when they are irradiated. This is
possible because under illumination the number of charge carriers increases, decreasing the film
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resistance. However, TiO,/AuNPs already has an order of magnitude lower film resistance in the dark
than TiO,, considering the higher conductivity of gold nanoparticles.

Furthermore, this resistance drops more strongly, since in this system the charge carriers are more
facilitated by the presence of gold. Instead, it is possible to observe how the capacitance of the electric
double layer (Table 4.2, 15t column) under irradiation tends to increase in an identical manner for both
samples, since the amount of charges in the capacitorincreases in an equal manner, due to titania layer,

and is not influenced by the presence of the metal.

The major change under illumination for TiO,/AUNPs can also be seen from the Bode plot (Figure 4.6 B),
where the peak becomes very evident and moves to higher frequencies, indicating an increasingly

favored process.
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Figure 4.6 - Complex plane plots (A) and Bode phase plots (B) registered at + 0.1 V in 0.1 M NaClO4 for TiO2 and TiO,/AuNPs in the
dark or under UV irradiation with 500 W UV lamp,; magnification of complex plane plots and equivalent circuit are shown in insets

Rr / kQ cm?

CPEp, / pFcm2 sa oL

Background Ciprofloxacin  Background Ciprofloxacin  Background  Ciprofloxacin

TiOJ/ Dark  12.0 12.6 0.95 0.95 1560 1220
TiO, Light  17.8 17.8 0.89 0.89 174 162
TiO2/AUNPs ) g 13.7 0.97 0.96 279 48.0
Dark

TIOo/AUNPs g 4 22.3 0.94 0.92 7.38 8.61
Light

Table 4.2 - EIS parameters of TiO, and TiO,/AuNPs with and without irradiation, in the absence or in the presence of ciprofloxacin
107° M in NaClO4 0.1 M.
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The photocurrent tests carried out with the same illumination source employed for EIS (Figure 4.7 A)
confirm the results obtained with EIS, showing a current about three times more intense for TiO,/AuNPs
compared to TiO,, again showing the excellent conducting action performed by gold.

Moreover, the tests carried out with LEDs at lower power and different wavelengths (Figure 4.7 B) show
the best results for TiO,/AUNPs in comparison with TiO,, confirming the responses obtained with a more
powerful ilumination source. The highest photocurrent is clearly obtained with the 395 nm LED, while
the current is approximately halved for the 455 nm LED.

Considering all the results obtained from the photoelectrochemical characterization, TiO./AuNPs can
therefore be defined as an excellent candidate for photo-electroanalytical measurements.
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Figure 4.7 - Photocurrent measurements registered at + 0.1 V under intermittent irradiation with UV lamp (A) and with LEDs at 395
nm and 455 nm (B)

Electrochemical impedance spectroscopy was also recorded in the presence of an analyte molecule,
ciprofloxacin (introduced in section 2.2.1), to fully understand the interaction that the molecule can
have with the electrodes and with the light. All the samples maintain a trend of the complex plane plot
(Figure 4.8 A) and of the Bode plot (Figure 4.8 B) very similar to the behavior recorded on the background,
showingthatitis the absence orthe presence of irradiation that strongly influences the electrochemical
performances. Moreover, the equivalent circuit (Figure 4.8 - inset) remains the same showed in Figure
4.6 (inset).
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Figure 4.8 - Complex plane plots (A) and Bode phase plots (B) registered at + 0.1 V in 0.1 M NaClO4 in the presence of 10~ M
ciprofloxacin for TiO, and TiO2/AuNPs in the dark or under UV irradiation with 500 W UV lamp; equivalent circuit is shown in inset

However, small variations in the graphs and fitting values can be observed especially for TiO/AuUNPs in
the presence of the target molecule. In fact, TiO, shows identical values of the elements of the
equivalent circuit in the dark in the presence and in the absence of ciprofloxacin (Table 4.2), indicating
that in the dark TiO, at the applied potential is not affected by the presence of the molecule. When this
sampleisirradiated, only a slight decrease in film strength can be observed, while the other parameters
remain unchanged.

This demonstrates that light aids the determination of ciprofloxacin, as the film resistance decreases.
This fact is also demonstrated by observing the values and behavior of TiO,/AuNPs in the dark: the
resistance of the film also decreases in this case, but much more markedly. This demonstrates that
ciprofloxacin can also be determined in the dark, if the resistance of the filmis lower, as in this last case.

Furthermore, for this sample a small increase in the capacitance of the electrical double layer can also
be observed in the presence of ciprofloxacin, which therefore interacts with the electrode surface.
When the sample is placed under irradiation there is then a further increase in this capacity, while the
resistance remains constant, since it is already a very low resistance.

4.3 Ciprofloxacin detection

The previous results confirm the detection tests of ciprofloxacin obtained under irradiation in
amperometry (Figure 4.9 A). First, dark tests yielded no results on both electrodes, as the resistances
are too high and the applied potential too low for the ciprofloxacin reaction to occur. Under irradiation,
on the other hand, an increase in the photocurrent is obtained with each addition of ciprofloxacin only
for TiO2/AuNPs, demonstrating that only the low resistance of the film obtained by combining gold
nanoparticles with titanium dioxide can make the molecule detectable at such low potential. The
calibration lines (Figure 4.9 B) confirm the trend observed in photocurrent, showing a relevant increase
in the current for consecutive additions of ciprofloxacin only for TiO,/AuNPs.
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Figure 4.9 - Photocurrent measurements registered at + 0.1 V under intermittent irradiation with UV lamp for consecutive additions
of ciprofloxacin (A) and correspondent calibration plot (B) for TiO,and TiO,/AuNPs

To increase the applicability of the photo-electroanalytical technique, a less powerful but more
manageable light was chosen: LED sources. Different wavelengths and powers were studied (395 nm,
455 nm and 530 nm) and the best signal was clearly obtained for the LED in the UV at maximum power,
even if it is possible to obtain a good signal even at the medium wavelength. The irradiation from the
conductive or non-conductive front does not alter the value of the generated photocurrent (Figure 4.10
A), while the distance of the source from the electrode is very important, since the generated
photocurrent decreases if the distance increases (Figure 4.10 B), as expected. It is also important to
note that ciprofloxacin does not absorb light and does not degrade due to irradiation at the selected
wavelengths (Figure 4.10 C).
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Figure 4.10 - (A) Effect of the electrode's orientation and distance from LED (B) on the obtained signal; UV-Vis spectra of
Ciprofloxacin (C)

In Figure 4.11 A the photocurrent obtained under the best conditions is shown and the calibration line
obtained several times and on different electrodes is shown in the inset. The analytical parameters are
very good and in particular the sensitivity is 1.81 = 0.04 (uA cm™ pM™), the limits of detection and
quantification (obtained with S/N=3 and S/N=10 respectively) are (0.32 + 0.08) uM and (1.06 = 0.08) pM,
respectively. The precision of the method is very good with a low RSD % (< 5%) and the trueness is also
excellent, with apparent recovery factors of 99.8 %.
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Figure 4.11 - Photocurrent measurements registered at + 0.1 V under intermittent irradiation with a LED at 395 nm for consecutive
additions of ciprofloxacin (A) with the correspondent calibration plot in inset and (B) interference study for TiO,/AuNPs

The study of the interferents has considered the possible inorganic and organic contaminants present
in surface waters “** where ciprofloxacin can be detected and, as can be seen from the photocurrents
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obtained under the same operating conditions of detection of the target molecule (Figure 4.11 B), no
detectable interferences were registered.

From the comparison with the literature for the photoelectrochemical determination of ciprofloxacin,
reported in Table 4.3, it emerges that the device presented here is the only one based on a
heterojunction formed by nanoparticles of gold and titanium dioxide and above all on a signal-on type
PEC obtained through a simple synthesis. Although the detection limits still have to be improved, it is
important to underline that the robustness of the photoelectrode as well as the use of low power LEDs
compared to other systems 49, paves the way for the construction of miniaturized systems that can be
used for continuous and onsite analysis.

Table 4.3 - Comparison with other PEC devices for the detection of ciprofloxacin

Material Irradiation Potential Signal Type LOD Range Reference
AuNPs/ITO SE:gyan(e 0.2V Signal-off 0.08 nM 0.1 nM-10 uM 4
g-CN/BIOCL 150Wxe ov Signal-off 0.61M 1.5nM-5.5 4

lamp uM

Bi/BiOBr 150W Xe oV Signal-off 16 M 50 NM- 15 uM 7

lamp

Bi/BIOCL 150W Xe Signal-off 015uM  0.5uM-30 M a8

lamp

> 300W Xe . ) 0.18 nM - 2

ND-g-CN/ITO lamp ov Signal-on 0.06 nM 57.61nM
AUNPs/TiO, 395 nm LED 0.1V Signal-on 0.32uM 0.2uM-5uM This sensor

4.4 Conclusions

A photoelectrode for photoelectrochemical analysis applications based on a titanium dioxide - gold
nanoparticle heterojunction was obtained through a simple and reproducible synthesis. It was
characterized by SEM, AFM, CV, and EIS with the presence of a probe molecule and compared with
single systems, showing superior electrochemical performances.

Subsequently, it was photoelectrochemically characterized by EIS and photocurrent measurements,
showing better results than titanium dioxide alone. The presence of metal nanoparticles has in fact
proved to be essential to limit the recombination of the photogenerated charges, showing a higher
photocurrent and a decreased resistance of the film. In the presence of ciprofloxacin, ithas been shown
that exclusively the heterojunction allows its detection even using low-power and visible LED light
sources, thanks to the low film resistance and to the presence of nanoparticles with localized surface
plasmon resonance properties, obtaining good analytical performances and good resistance to
interferences. Given the great robustness of the device and the use of more accessible light sources,
the application of these systems in integrated circuits for online and onsite analysis is expected in the
future.
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5 Metal structure optimization

5.1 Wet methods

As the presence of gold nanoparticles proved to play a crucial role in the electrodes’ performances, it
became clear that a better way to deposit them was necessary. The main goalwas to be able to increase
its quantity to study how it would affect the TiO, layer, and on the other hand it was necessary to obtain
areliable and reproducible synthetic procedure.

The first tests were conducted by modifying the silanes deposition procedure. A new procedure was
developed that aimed to use a DIY reactor and an oven to deposit the linkers using physical vapor
deposition on the FTO glass slide.

This unfortunately leads to unconclusive results: the amount of linkers deposited could not be easily
quantified, but the layer clearly presented a lack of uniformity, possibly due to the difficulty of controlling
key environmental parameters such as temperature, humidity and air flow. Furthermore, a hydrophobic
layer formed on the surface, making it impossible to add the AuNPs via drop casting.

A different procedure was investigated, namely gold electrodeposition from a HAuCl, solution. As
reported in the literature®® and described in Chapter 10.4, gold could be effectively deposited by briefly
applying a positive bias to the cell ( + 1.1 V vs SCE for 5s) and subsequently reduce the gold precursor (-
0.1V vs SCE, with time between 15 s and 60s depending on the desired concentration).

Figure 5.1 compares the FTO/AuNPs electrodes obtained using the “classical” silane-based method
and the new electrochemical synthesis. Itis clear that the latter allowed to deposit a greater amount of
gold, as the coloration is way more intense. By monitoring the charge during the electrodeposition it was
possible to calculate the rate of gold deposition to be 3.5 ngcm2s™.

A change of colour could be observed for the electrodeposited samples after few hours from the
electrodeposition, from blue to pink, wich indicated a structural change of the gold structures, thus
stability issues. This change was also not uniform.

Figure 5.1 - (A) FTO electrode functionalized with gold nanoparticles using silanes as linkers (B) FTO covered with electrodeposited
gold (C) freshly deposited gold on FTO and (D) same electrode after 48 hours
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One hypotesis is that the metastable gold structures could migrate on the surface. This process could
also be affected by the presence of perchlorate crystals, that was used as supporting electrolyte during
the electrodeposition. A possible solution was a cleaning of the surface by dipping the electrode in
water. Unfortunately, as shown in Figure 5.2 A, this lead to a loss of gold that could not be reliably
quantified, highlighting at the same time the need for a protective structure, like the TiO; layer, on the
gold structures.

0.20
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140+
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Figure 5.2 - UV-Vis spectra of (A) FTO electrodes washed and non-washed after Au electrodeposition and (B) non-washed FTO/Au
electrodes at different ageing time

SEM images recorded for a non-washed electrode clearly showed that the surface is not uniform, as
gold can be present either as distributed nanoparticles or larger clusters.

By increasing the magnification and using EDX point-measurement, the morphology of the surface can
be further investigated. As shown inFigure 5.3, some gold is present as small 1 pm clusters, some is
present as smaller structure that could not be observed due to the instrument limitation, and some
even larger exagonal structures can be observed.

Overall, the use of the electrodeposition was considered less than ideal because it did not allowed to
obtain uniform deposition, and the need for further washing of the electrode removed the possibility to
accurately monitor the amunt of deposited gold.
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5.2 Dewetting preliminary tests

As wet chemical methods proved to be ineffective, solid state dewetting was used for the preparation of metal
nanoparticles, exploiting the knowledge provided by Photocatalytic Synthesis Group (PCS group) of the
University of Twente.

The first tests with dewetted thin films were conducted using platinum deposited on FTO. Such metal was
used by the group to investigate hydrogen evolution and presents peculiar advantages, such as the ability to
easily and reliably quantify the electrochemically active surface area of the catalyst. As shown in Figure 5.4
A, a clear difference could be obtained when comparing a Pt film and the corresponding dewetted structures.

100
80 100

60 ;
40 ///// 50
201 "//

=, /_/

’———/\/
< 0
~ —20+ e
-40 ! = -50
_an | Sputtered film
80 ! — Dewetted film

il uA

-801 -100-
=100+
-1204 N/ -1501
=140 : . : : . : : : :
0.0 0.5 1.0 00 02 04 06 08 10 12
A E vs Ag/AgCl IV B EiR correcteq VS RHE 'V

Figure 5.4 - (A) CV recorded in HCIO4 0.1 M with Pt-based electrodes and (B) area integrated for the ECSA evaluation

This difference can be explained with a reduction of the surface area, as part of the metal initially present on
the surface of the film forms the bulk of the nanoparticle, were it cannot interact with the solution.

The area reduction can be estimated by integrating the Hydrogen Under Potential Deposition (HUPD) regions
of the electrodes, as shown in Figure 5.4 B, and converting them to a value of area using Equation 5.1.
Assuming the geometric area equal for all the samples (3.14*0.3 cm *0.3 cm = 0.2826 cm?). Rugosity was also
calculated according to Equation 5.2.

Integrated Area (AV) 1000000
scan rate (Vs~1) 210

Equation 5.1 ECSA =

ECSA (cm?)
Geometric Area (cm?)

Equation 5.2 Rugosity =
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The obtained results are summarized in Table 5.1:

Integrated Geometric . Reduction
Valueg(mA V) ECSA (cm?) Area (cm?) Rugosity (%)
Pt EILM Absorption | 0.01539 0.732857143 | 0.2826 2.593267 -
Desorption | 0.01513 0.72047619 | 0.2826 2.549456 -
Pt NPs Absorption | 0.00782 0.372380952 | 0.2826 1.317696 -49.1878
Desorption | 0.00794 0.378095238 | 0.2826 1.337917 -47.5215

Table 5.1- Area reduction of Pt samples upon dewetting
A decrease of nearly 50% is observed, similar to what is reported in the literature.?

Repeating the dewetting with different film thickness, it is possible to observe that while the morphology is
clearly different from that of a film, the obtained nanoparticles are not isolated spheres but resemble finger-
like structures (Figure 5.5).

Figure 5.5 - SEM images of dewetted 2.5 nm Pt film (left) and 5 nm Pt film (right)

Although platinum is a widely used electrocatalyst, known especially for its activity in H, evolution, gold
presents some advantages compared to platinum: its lower melting points (1064°C for Au versus 1772°C for
Pt) is closer to the temperature used in the dewetting process of 500°C. Furthermore, gold presents a more
inert surface. The formation of chemical bonds on the metal, like surface oxide, can reduce the atom mobility
of the metal ions and negatively affects the dewetting. Lastly, the presence of a LSPR peak of gold
nanoparticles in the visible regions allowed to assess the dewetting via fast and non-destructive methods, like
UV-Vis spectroscopy.

From a practical point of view, the deposition of gold using sputtering technique can be performed using
direct current instead of alternate current, which makes the procedure easier.

The use of platinum as a material for the synthesis of nanoparticles has allowed us to leverage the
expertise of the PCS group at the University of Twente, where these tests were conducted, and
demonstrate that the controlled preparation of metallic nanoparticles is indeed possible.

However, platinum presents some challenges compared to other metals. In particular, its high melting
temperature makes it more difficult to achieve dewetting with very thick layers. Furthermore, platinum
can form surface oxide layers. These layers reduce the mobility of the atoms and make the formation of
nanoparticles more difficult. The use of gold, which has a lower melting temperature and less tendency
to oxidize, solves these problems.
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An ad-hoc procedure was developed to simulate the electrode wear by cycling in ferrocyanide solution,
which, combined with the application of anodic potentials,®” is known in the literature to facilitate gold
dissolution,®® and was used to compare the stability of the electrodes prepared with gold film of
different thickness and nanoparticles of different dimensions.

As for the sensing performances, H.O, was selected as probe molecule. H,O, was not detected on the
bare FTO support, thus any difference between the analyzed samples was only due to the different gold

deposition. 2

5.3 Electrodes Preparation and Characterization

The FTO-coated glass electrodes, prepared as shown in Figure 5.6 and discussed in detail in Section
10.5, were weighed with an analytical balance to quantify the loading of gold. The sputtered mass is
linear with the depaosition time (and thus film thickness), with a slope of (0.00164 = 0.00004) mggw cM’
Zarea NMihickness. (Figure 5.7 A) The linear increase of gold loading was also observed using EDX analysis

(Figure 5.7 B).

» VY VY N gt o e b MR
F
FTO FTO
x4 /4 1 40s 2.5nmAu-TF 2.5nmAu-NPs
\ /
\\\ \\ / / x &
\\ \ | [/ 500°C
/
\‘\\ /’/ o
\\}\//'/ 2 o a0
FTO FTO
150s 20nmAu-TF 20nmAu-NPs

Figure 5.6 - Preparation of the samples: Gold was sputtered on FTO-coated glass slides, obtaining thin films of various thickness X
(XnmAu-TF), proportional to the sputtering time. Upon heating, dewetting of the film is achieved, producing nanoparticles with
dimensions related to the initial film thickness X (XnmAu-NPs) and partially exposing the underlying FTO surface
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Figure 5.7 - (A) Relation between sputtered mass and deposition time and (B) EDX analysis of the prepared samples

The dewetted samples were characterized using scanning electron microscopy, as reported in Figure
5.8 A with the same magnification, observing a complete dewetting of the sputtered film to form
nanoparticles. A pristine FTO surface is also reported as comparison, showing the characteristic
polycrystallinity and roughness of the electrode surface. The particle size, as shown in Figure 5.8 B and
Figure 5.8 C, is closely related to the initial sputtered film thickness.
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Figure 5.8 - SEM images of annealed (dewetted) films of 2.5, 5, 0 and 20 nm of gold on FTO (A), particles size distribution of the
obtained nanoparticles (B) relation between initial film thickness and nanoparticle size (C)

The desired film nominal thickness was obtained from the calibrated Au sputter rate under the
conditions reported in Section 10.5 by tuning the sputter-deposition time. Particles of (13.6 £ 0.7), (28 =
1), (59 = 2), (233 = 11) nm are obtained from 2.5, 5,10 and 20 nm-thick films, respectively. It can also be
noted that while the smaller nanoparticles maintain a good circularity, the larger ones tend to have a
more elongated shape. The evaluation of the nanoparticles’ circularity, reported in Figure 5.9, is in line
with the observations reported in the literature.®
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The visual color of the samples changed significantly both by increasing the gold loading and upon
annealing, suggesting the formation of specific plasmon resonance peaks in the visible light region
(Figure 5.10 A). UV-vis spectra of the samples show the presence of such characteristic LSPR peak
related to the size of gold nanoparticles. A single peak located at 559 nm and 606 nm is obtained for the
nanoparticles derived from 2.5 and 5 nm films. Wider peaks, due to a broader particles size distribution,
are observed at higher wavelength for the nanoparticles derived from thicker films (Figure 5.10 B). On
the other hand, UV-vis spectra recorded before the annealing procedure are significantly different, only
showing peaks above 800 nm due to the thickness of the thin films (Figure 5.10 C).%°

2.5 nm film

5 nm film

10 nm film

20 nm film

2.5 nm dewetted

5 nm dewetted

10 nm dewetted

20 nm dewetted
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Figure 5.10 - (A) Image of the obtained electrodes, UV spectra of obtained (B) nanoparticles and (C) films

The electrodes were also characterized using electrochemical techniques. In particular, to understand
how different Au morphologies affect electrochemical behavior, the sensing performance of the
smallest (2.5nmAu-NP) and biggest nanoparticles (20nmAu-NP) were compared. A thin film electrode
(20nmAu-TF) is also included in the comparison as bulk gold electrode (where the FTO substrate is not
surface exposed). This choice was made to highlight the different behavior of the electrodes and reduce
the influences of the experimental errors, whose effect would be important if testing similar samples.

CVs recorded in NaClO. 0.1 M show the characteristic features of gold: between + 0.2V and 0.8 V (vs.
Ag|AgCl), an oxide layer is formed on the gold surface. On the reverse scan, at +0.15V, the oxide layer is
reduced to metallic gold. In the case of gold, the quantification of the surface area was carried out by
integrating the gold reduction peak located at + 0.15 V vs Ag/AgCl, as shown in Figure 5.11 A for a
2.5nmAu-NP electrode. The area of the peaks changed between different electrodes, as reported in
Figure 5.11 B. The decrease of the metal surface area upon annealing is a process already described in
the literature.®
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Figure 5.11 - (A) CV recorded in NaClO4 0.1 M with a FTO/Au NPS electrode. The highlighted area is integrated to calculate ECSA. (B)
comparison of CVs of different electrodes

The obtained value of peak area was converted to ECSA (Electrochemical Active Surface Area) value
using Equation 5.3 where A is the integrated area of the reduction peakin mAV, vis the scanratein Vs’
"and 390 pC cm? is the charge required for the desorption of the adsorbed oxygen monolayer as
reported in the literature.®® Surface roughness (R;) was also calculates according to Equation 5.4, by
dividing the ECSA by the geometric area of the electrode. The results are reported in Table 5.2. As
expected, the surface area is larger for the film. After the annealing process, part of the gold will form
the bulk of the particle, no longer being able to take part in the surface electrochemical processes, and
this will cause a decrease of ECSA. This phenomenon is expected, as the agglomeration of the film is
driven by minimization of the surface area, and widely discussed in the literature.?*?' The area reduction
is proportional to the volume of the nanoparticles.

A
Equation 5.3 - ECSA determination ECSA/cm? = (/"g%

Equation 5.4 - Surface roughness determination Rf = ECSA / Ageom

Table 5.2 - Values of charge obtained via cyclic voltammetry and corresponding ECSA and Ry (roughness) values for different tested
electrodes..

Sample Charge / uC ECSA/cm? Rf

2.5nmAu - NPs 284 +12 0.74+0.03 2.6%x0.1
20nmAu - NPs 202 + 21 0.53+0.05 1.9+0.2
20nmAu - TF 458 =29 1.19+0.07 4.2 0.3

5.4 Electrode Stability

An ad-hoc procedure was developed to test selected electrodes and evaluate their stability by cycling
in Ks[Fe(CN)s], as described in Section 10.8, to accelerate the electrodes’ degradation processes. In
addition to the previously selected nanoparticle-modified electrodes, films with the same gold
loadings, and bare FTO electrodes, were tested for the sake of comparison (2.5nmAU-TF, 20nmAu-TF,
and FTO). Bare FTO electrodes were also tested, showing no significant change before and after the test
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(Figure 5.12). The anodic peak at + 0.3 V and the cathodic one at -0.1V correspond to the redox
processes of the iron probe.
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Figure 5.12 - FTO electrode tested with Ks[Fe(CN)s] 1 mM

By comparing the CVs recorded before and after the stability test for a gold-modified FTO glass slide, a
clear change can be observed. In particular, as shown in Figure 5.13 A, by comparing the large
nanoparticles (20nmAu-NPs) and the smaller ones (2.5nmAu-NPs), it can be observed how the
nanoparticles with larger dimensions maintain a similar CV shape after the tests, while the
performances of the smallest nanoparticles drastically worsen, as can be observed by the reduction of
the anodic peak at + 1.3V. A similar test was conducted with gold films (Figure 5.13 B). In this case, the
20 nm film appears more stable than the 2.5 nm film. This was expected, considering that thin metal
films are inherently unstable and prone to morphological changes.
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Figure 5.13 - CV of FTO/AuNPs (A) and FTO/Au FILMS (B) electrodes before and after cycling in KqfFe(CN)s] 1 mM
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The same observations were also confirmed using EIS. Nyquist and Bode phase plots could both be
used for the qualitative description of the systems, but the small changes could be more easily
distinguished in the latter.

An example of the obtained graph is reported in Figure 5.14. Bare FTO and a gold film (20nmAu-TF) are
shown as benchmarks, representing the situations where the FTO substrate is either completely
exposed or completely covered. As-prepared nanoparticles (20nmAu-NPs) have an intermediate
behavior between that of FTO and the gold film, which is expected as only part of the surface is covered
by gold, and the FTO supportis exposed. After testing, the charge transfer resistance of the nanoparticle
electrode increases significantly.
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Figure 5.14 - Typical EIS response of the tested electrodes (A) Bode and (B) Nyquist plots. The corresponding equivalent circuit is
reported as inset

All the obtained curves were fitted with ZView using the equivalent circuit in Figure 5.13 B where:

- Rarepresents the resistance of the electrochemical cell;

- CPEp. (constant phase element) represents the double layer capacitance
Rcris the charge transfer resistance

Zw (Warburg element) is related to the mass transfer

The resistance of the system Rq, slightly decreases for FTO, probably due to cleaning of the surface that
happens upon cycling, and remains almost constant for all the other samples. (Figure 5.15).

In the following graphs, for each sample (x asis), the bar on the left refers to the initial condition and the
one on the right to the condition after cycling in Ks[Fe(CN)s] 1 mM. The error bars are obtained from the
fitting function.
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Figure 5.15 - Rq values

The constant phase element can be modelled as CPE = [(Ciw)°]"", were the value of a is equal to 1 in
the case of a pure capacitor, or between 0.5 and 1 if the surface is not uniform.®" ap, increases for all the
samples after the electrochemical tests in Ksy[Fe(CN)e]. This indicates that the electrodes get closerto a
pure capacitor possibly due to a change of surface morphology that leads to more uniformity. The
double layer capacitance value (CPEp.) decreases for the FTO/Au samples, while it remains almost the
same for FTO as its surface is not affected by the CVs. Before the tests, the samples with gold
nanoparticles present capacitance values between those of FTO and the gold thin film. This
phenomenon ca be related to a change in Au coverage and surface area, i.e., the Au ECSA decreases
upon dewetting and exposes the underlying FTO surface. After the test, the values decrease drastically
forthe small nanoparticles and the thinner film, indicating that the surface get closer to that of FTO. This
can be explained with a loss of gold that happens upon cycling. The change for the 2.5 nm film is much
more pronounced, suggesting that for samples with the same gold loading (in terms of mass per unit
surface), the nanoparticles are more stable than the film. (Figure 5.16 A, B)

A possible explanation is that the thermal treatment makes the NPs strongly attached to the FTO, with
a relatively large FTO/AuNPs interfacial area.?’ Furthermore, as-deposited thin films have a larger
surface to volume ratio and volumetric defect density compared to dewetted NPs, which makes the
films more prone to electrochemical instability and thus less stable than dewetted NPs.
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Figure 5.16 - Variation of (A) CPEp, and (B) o,
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Figure 5.17 shows that the value of charge transfer resistance is initially the same for all electrodes.
Post-testing, the measured value remains stable for FTO electrodes but increases for gold-FTO
electrodes. This change is more pronounced in samples with 2.5 nm films and their corresponding
nanoparticles compared to those with 20 nm films and larger nanoparticles, suggesting potential
stability concerns associated with reduced dimensions.
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Figure 5.17 - Variation of Rcr

The evaluation of the Warburg element (Zw) (Figure 5.18 A) allowed to obtain the mass transfer
resistance Rw and the time constant t, as Zw = Rwcth[(tiw)*]( tiw) ", where aw< 0.5.°" The trend of Rw
for different electrodes highlights that the mass transfer resistance decreases after the tests for FTO
and all the nanoparticle electrodes, while the behavior of film-coated FTO is unclear as the error
associated to the values obtained by the fitting is much higher. Similar conclusions can be drawn for the
mass transfer time, while the value of aw (the exponential factor) is constant for all the electrodes, equal
to 0.5. This suggests that the same transport phenomenon is occurring and thus any difference in
electrode’s performances must be due to an intrinsic property of the material. (Figure 5.18 B)

Harsha et Al. reached a similar conclusion regarding this critical point while investigating the hydrogen
evolution reaction (HER) activity of model Pt thin films versus dewetted Pt nanoparticles under both
static and hydrodynamic conditions.?' The observed differences in activity were found to be intrinsic
rather than attributable to variations in mass transport arising from differences in electrode morphology

(thin films vs. nanoparticles).
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Figure 5.18 - Variation of Zw and W-P

SEM images were also recorded after the test with ferrocyanide, showing significant changes in the
2.5nmAu-NPs sample’s morphology. The average particle size after the tests changes from (14 £ 2) nm
to (19.4 = 0.5) nm for the exposure toward Ks;[Fe(CN)s]. It is possible to observe that the smaller
nanoparticles, initially present on the sloped sides of FTO, were lost during the process. Overall, the
particle size analysis changes as shown in Figure 5.19 C-D. It is also noticeable that the morphology of
the remaining nanoparticles changed, being rougher and with some dendrites on the surface. This
phenomenon can particularly be observed in the 20 nm dewetted nanoparticles, where the diameter
increases to (316 + 34) nm and the roughness also increases, as shown in Figure 5.19 B.
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Figure 5.19 - SEM images of (A) 2.5 nm NPs and (B) 20 nm NPS before and after tests in Kq4/Fe(CN)s] 1 mM, with their particle size

distribution change (C and D, respectively)

EDX measurements showed a reduction of gold content of 72% for the 2.5nmAu NPs sample and of 20%
for 20nmAu - NPs (Table 5.3). The loss of gold can also be observed visually and via UV-Vis spectroscopy
(Figure 5.20). It is interesting to note that the UV-spectra recorded on three different spots of the sample
overlay before the tests but after the test there is more variability, suggesting that the surface become less
even. It is also worth noting that the LSPR resonance peak shifted to shorter wavelengths.

Table 5.3 - Values of EDX measurements

Conditions NP size (initial film | Gold percentage
thickness)/nm
Fresh samples 0 00
2.5 5.0+£0.6
5 7.7+0.5
10 20.6+0.4
20 342
After Ko[Fe(CN)s] test | 2.5 1.4%0.1
20 27 =1
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Figure 5.20 — (A) Images of the electrode after test with Ks[Fe(CN)s] 1 mM and (B) Uv-Vis spectra of a used electrode

Moving to the films, it is clear that a big difference is present in the 2.5nmAu-TF treated with the iron
probe, as shown in Figure 5.21 A-B. In this case, the as-deposited film is not uniform as it presents
spontaneous dewetting, due to its high surface energy and high surface mobility of Au atoms, which
makes the film partially agglomerating.®? As for the thicker film (Figure 5.21 C-D) before treatment, the
FTO electrode is almost completely covered. After the tests, the film is still intact, but the morphology
of the surface is much different and rougher. The bigger particles formed on the surface are (25 + 3) nm
sized.
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Figure 5.21 - SEM images of 2.5 nm gold film before (A) and after (B) the test in K4[Fe(CN)s] 1 mM and of 20 nm gold film before (C)
and after (D) the test in Ko[Fe(CN)s] 1 mM

The changes of the various tested electrodes are summarized in Figure 5.22.
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Figure 5.22 - Changes observed for the tested electrodes after cycling in 1 mM K4[Fe(CN)g].
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5.5 H.O, Detection

In order to test the sensing performances of the selected electrodes, different analytes were
considered. The main goal was to find a molecule that could selectively react with the gold structure,
without being influenced by the presence of the conductive FTO support. The first one is dopamine. It is
known in the literature that it behaves as inner sphere molecule, thus it was considered useful to investigate
the morphology dependent behaviors of the devices. Unfortunately, as shown in Figure 5.23, It quickly
polymerized on the Au nanoparticles thanks to their excellent catalytic activity.

1.0

\— Dopamine 1 mM on 2.5 nm dewetted ﬂlml
0.8

0.6

il uA

-05 0.0 05 1.0
E vs Ag/AgCI (3M NaCl) | V

Figure 5.23 - CV recorded on a FTO/Au electrode in NaClO40.1M and dopamine 1 mM

Another molecule that was considered is glucose. Glucose mechanism is widely studied in the literature,®®
and lead to a characteristic CV signal, as reported in Figure 5.24 A. In order to facilitate glucose oxidation, a
alkaline pH is needed. Ash shown in Figure 5.24 B, this drastically accelerated the dissolution of gold.
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Figure 5.24 - (A) Cv recorded with a FTO/Au electrode in presence of 10 mM glucose at pH 12 and (B) discolouration of the used
electrode

Finally, H,O, was selected because of its selectivity toward gold and the possibility to work with pH close
to neutral. In order to better understand the behavior of gold in a solution of supporting electrolyte and
with H20, preliminary studies were conducted using a bulk gold electrode. In particular, a gold tip from
Metrohm with a 2mm diameter was used.

The behavior of a gold electrode was first investigated without the addition of H,O,. When the anodic
potential is increased, a gold oxide layer is formed on the electrode and a proportional gold oxide
reduction peak is observed at + 0.2 V, as shown in Figure 5.25. Initially, the lower vertex potential of the
CV scan was kept at -0.5 V vs SCE and the upper vertex was progressively increased. When working up
to + 0.4V, no oxide layer is formed and thus only a cathodic peak is observed, due to the reduction of
dissolved oxygen in solution.

10
—— Blank - from -0.5V to 0.4V
—— Blank - from -0.5V to 1.3V
—— Blank - from -0.5V to 1.5V
5

-10 . . . .
-04 0.0 0.4 0.8 1.2 1.6

Evs SCE/V

Figure 5.25 - CV recorded between -0.5 V and 0.4, 1.3 and 1.5 V, showing how the increase of the upper vertex potential influenced
the cathodic peak at 0.2V
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The anodic region was studied by keeping the lower vertex potential at 0V, and progressively increasing
the upper one as shown in Figure 5.26 A. When the potential is increased above + 1.2 V, a second
reduction peak is obtained at + 0.6V vs SCE.

As for the cathodic region, it was investigated by keeping the upper vertex potential at + 0.4 V and
scanning at progressively lower potential values (Figure 5.26 B). As the lower vertex potential is lowered,
the characteristic signalfor H, evolution become evident. Two more peaks can be identified, one anodic
at + 0.1V and one cathodic at 0V, whose intensities increases as the lower vertex potential is shifted to
lower values.
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Figure 5.26 — Cv study of the (A) anodic and (B) cathodic region of the gold electrode

Then, H,0,was added to understand whether the molecule could be detected in both regions. As shown
in Figure 5.27, the presence of the molecule could be detected both as reduction, with an increase of
the cathodic peak at -0.1V, and as oxidation, above + 1V.

5 15
—— Blank - from -0.5V to 0.4V —— Blank - from 0V to 1.1V
—— H,0, - from -0.5V to 0.4V — H,0, - from 0V to 1.1V
104
0
54
< <
~— _5_ ~—~
0
-10+4
0 -5
-0.4 0.0 0.4 0.0 0.4 0.8 12
Evs SCE/V Evs SCE/V

Figure 5.27 - Behavior of the gold electrode in presence of 1 mM H;0zin 0.1M NaClO4
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The detection was performed using cyclic voltammetry, by monitoring both the H,O, oxidation reaction
and the H,O, reduction reaction, using freshly prepared electrodes. A 20nmAu-TF electrode was used
as “gold film reference”, as previous data showed it had good stability, and was compared with the
2.5nmAu-NPs and 20nmAu-NPs, to highlight how different size of nanoparticles could affect the sensing
performances.

For all the samples, multiple cycles are recorded until stabilization is achieved at the 15" cycle. Such
curves are reported in Figure 5.28, and are consistent with the behavior that is reported in the literature
for H20, in a slightly acidic environment. H,O- oxidation and reduction signals can be observed at+ 1V
and-0.2V (vs. Ag/AgCl), respectively. ® The characteristic signals of gold are also present: gold oxidation
occurs between +0.4 and +0.8 V, while the gold oxide reduction is located at +0.2 V. These processes
are slightly affected by the presence of oxygen and H,O. in solution, with the oxidation currentincreasing
with the concentration of H.O; and the cathodic one following the opposite trend.

-04 -02 00 02 04 06 08 10 1.2
E vs Ag/AgCI (3M NaCl) | V

Figure 5.28 - Consecutive CV recorded for the addition of H,0, in NaCl0,0.1 M

Both the H.O; reduction and oxidation peaks were used to prepare a calibration plot, as shown in Figure
5.29, in a concentration range of 0 -5 mM.

The calibration was performed using the intensity of the signal, corrected by subtraction of the baseline.
The obtained sensitivity data were also normalized by the ECSA per unit mass of Au of each electrode
(data discussed in Table 1). The results are shown in Figure 5.29 B-C. It is clear that the small
nanoparticles presentthe best performances as they allow to obtain a good sensitivity while being made
with one tenth of the quantity of gold. This can be explained with a different diffusion process occurring
at the electrode surface, as small nanoparticles behaves as a microelectrode array.®

The presence of both anodic and cathodic signals, each exhibiting good sensitivity, can be particularly
valuable in the quantitative analysis of real-world samples. A discrepancy between the two
quantification results may suggest the existence of an interfering species. By conducting a more in-
depth investigation of the sample solution, it may be possible to determine which of the two
electrochemical reactions is more reliable under the given conditions. This selective approach would
allow for accurate quantification of hydrogen peroxide (H,O,), even in the presence of potential
interferents.
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Figure 5.29 - (A) CV recorded in NaClO4 0.1 M with increasing concentrations of H202. Sensitivity obtained in the anodic (B) and
cathodic (C) peaks

5.6 Conclusions

This study demonstrates the possibility to use solid state dewetting as reliable method for the
preparation of controlled nanoparticles of various sizes. The trade-off between stability and
performance in gold nanoparticle-based electrodes was investigated: while small nanoparticles
exhibited superior H,0, detection capabilities and present a cost-effective option, their reduced
stability compared to larger nanoparticles and thick films poses a limitation for long-term applications.

The findings highlight the importance of optimizing nanoparticle size and film thickness to balance
sensitivity and durability. Future research will focus on addressing this issue by developing protective
coatings, such as a thin TiO, layer,*®® to enhance the longevity of small nanoparticles while maintaining
their excellent performance characteristics.
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6 Dewetted AuUNPs/TiO, electrode

In the previous chapter, the sensing performance and long-term stability of gold nanoparticles (AuNPs)
of various sizes synthesized via thermal dewetting of thin gold films were investigated. The study
revealed a critical trade-off: while smaller nanoparticles often exhibited enhanced sensing capabilities,
they suffered from reduced structural stability, highlighting the need for a balanced design strategy of
the final device.

To address this challenge, one promising approach involves the introduction of a protective layer made
with a different material. This strategy aims to preserve the high performance intrinsic to gold-based
electrodes while enhancing their durability under operational conditions. Such a concept is well-
established in the field of electrocatalysis, where precious metal catalysts are often supported or
encapsulated to optimize both efficiency and lifespan—particularly in demanding applications such as
fuel cell technology and other electrochemical conversion systems.

In this context, titanium dioxide (TiO,) was selected as the protective material of choice. TiO, not only
serves as a physical barrier to prevent degradation of the gold nanostructures, but also introduces new
functional attributes to the electrode system. As already discussed, TiO, exhibits unique photoactive
and photo-renewable properties that can be harnessed to enhance the overall performance and
versatility of the electrode platform. This dual functionality—structural protection and photoactivity—
positions TiO, as a valuable component in the design of next-generation, multifunctional
electrochemical devices.

6.1 Electrodes preparation and characterization

For the preparation of the electrodes, FTO-coated glass slides functionalized with dewetted gold
nanoparticles were covered with TiO, via dip coating in a TiO, sol. The detailed experimental conditions
are reported in sections 10.1and 10.5, and the procedure is schematized in Figure 6.1.

_AuNPs e
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» »
»
° °
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——— 400°C 3
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-—// 2

— 1h

TiO, sol aged 14 days
R —

Figure 6.1 - Preparation of the TiO,-coated dewetted gold electrodes

A calibration line was prepared by using EDX measurements, as reported in Chapter 5.3. As shown in
Figure 6.2, a typical spectra shows the percentages of gold, silicon, tin, and titanium. The detection of
all constituent materials within the sample confirms that an accelerating voltage of 15 kV provides
sufficient electron penetration to traverse the entire multilayer structure.
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Due to the presence of titanium, a different calibration line was required compared to the previous
chapter. The obtained calibration plotis reported in Figure 6.3. As expected, itis characterized by a good
linear relationship between obtained gold percentage and the initial amount of sputtered gold.
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Figure 6.2 - Typical EDX spectrum obtained for TiO,/Au/FTO electrodes
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Figure 6.3 - EDX calibration plot for gold content in the samples

SEM images were recorded for the electrodes after TiO, covering. The layer seems to be uniform, with
some larger grains of TiO; clearly identifiable as darker marks. When comparing the samples with the
smallest amount of gold (Figure 6.4 A) and highest amount of gold (Figure 6.4 B), a clear change of
surface conductivity is observed.
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Figure 6.4 - SEM images of the TiO, layer covering (A) 2.5 nm dewetted film and (B) 20 nm dewetted film

The UV spectra of the prepared electrodes were also recorded, as shown in Figure 6.5. the LSPR peaks
of the nanoparticles shift slightly compared to those recorded before TiO, deposition (Figure 5.10),
indicating a possible interaction with the TiO, layer or a change of distribution that takes place during
the TiO; annealing process.
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Figure 6.5 - UV-Vis spectra of the prepared electrodes

Cyclic voltammetry was used to investigate the behavior of the electrodes. The CVs, recorded in 0.1M
NaClO,, are reported in Figure 6.6. Here, a major difference can be observed relative to the behavior of
uncovered gold nanoparticles: all the samples present very similar area of the gold oxide reduction peak
at + 0.4 V vs SCE. Furthermore, the scale of the intensity is only a fraction of that observed with
uncovered particles, since the TiO, layer insulate the surface. The deposition of a conformal layered
structure leads to an apparent homogenization of the accessible surface area. This suggests that the
coating effectively masks the intrinsic surface heterogeneity, resulting in a uniform interface regardless
of particle size.
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Figure 6.6 - CVs recorded in NaClO4. Scan rate = 100 mV/s

As expected, the gold ECSA values, calculated according to Equation 5.1, are much lower compared to
the one of uncovered gold structures. The obtained values, similar for all the prepared samples, are

reported in Table 6.1.

Sample Charge / uC ECSA/cm? Rf

2.5 0.315 8.2010* 0.0029
5 0.208 5.4210% 0.0019
10 0.221 5.77 10* 0.0020
20 0.239 6.2310% 0.0022

Table 6.1 - Values of Charge, ECSA and Rf calculated for gold functionalized FTO electrodes covered with the TiO, layer

Interestingly, the characteristic gold peaks appear to be shifted compared to the exposed gold structure,
as reported in Figure 6.7 for the electrode prepared with the largest nanoparticles. The same trend is
also observed for smaller nanoparticles. Such difference can be attributed to the interaction with TiO,.
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Figure 6.7 - CVs recorded in NaClO4 0.1M at 100 mV/s with exposed gold structures (Above, thin films and nanoparticles), and the
nanoparticles covered by the TiO; layer (below, reported with a bare layer of TiO;)
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As explained in Section 5.4, further studies were conducted investigating the stability of the electrodes,
focusing on the one with the smallest and higher amount of gold.

6.2 Stress tests

The stability of the obtained electrodes was evaluated by cycling multiple times in 1 mM K [Fe(CN)g],
using NaClO4 0.1 M as supporting electrolyte and recording EIS every 10 cycles. First a layer of TiO, on
FTO was tested to evaluate its stability. As shown in Figure 6.8 no significant changes are observable,
indicating its good stability.
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Figure 6.8 - CV of TiO; layer on FTO before and after 100 scans in Ko[Fe(CN)e]

Stability of the TiO, layer was also confirmed by EIS spectroscopy, reported in Figure 6.9 . Adecrease in
the resistance can be attributed to the slow diffusion of the probe molecule in the TiO pores, which
facilitates the reaction.
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Figure 6.9 - EIS recorded every 10 CV cycles in K4[Fe(CN)s] 0.1 M with a FTO/TiO; electrode
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Although the sample's resistance varies significantly throughout the test, the disparity compared to a
bare FTO electrode remains considerable. This is especially clear in Figure 6.10.
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Figure 6.10 - (A) Nyquist and (B) Bode Phase EIS plots of FTO and FTO/TiO, electrodes before and after the treatment with
Ka[Fe(CN)s]

A different behavior is observed for the electrodes containing gold. It is clear from Figure 6.11 B that the
amount of gold in the Au20nm/TiO, sample remained almost constant (no significant changes in the
gold reduction peak at + 0.4 V is observed). The apparent increase of the gold oxidation signal between
0.2 an 1V can be attributed to a cleaning of the electrode surface that takes place upon cycling. On the
other hand, the 2.5nm /TiO, showed a decreased intensity, possibly due to loss of gold during the test.
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Figure 6.11 - CV recorded before and after the tests with Ks[Fe(CN)s] 1 mM for (A) 2.5nm-NPs/TiO, and (B) 20nm-NPs/TiO,
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This observation was confirmed by EDX analysis: Au2.5nm/TiO, showed a reduction of gold quantity
from (3.5+0.1)% to (1.5 = 0.1)%, while Au20nm/TiO, remained virtually unchanged, from (24.2 £ 0.3)%
1o (24.55 + 0.07)%.

EIS measurements highlight that during the stability test the semicircle for the Au2.5nm/TiO, electrode
increase (Figure 6.12). This behavior is similar to that observed for uncovered nanoparticles, and
indicated a progressive wearing of the electrode. On the other hand, the value for the Au20nm/TiO,
electrode decreases. This is more similar to the behavior of the TiO, layer.

The results suggest that in the first case the phenomenon that prevails is the electrode degradation,
possibly due to the loss of gold, while in the second and in the case of the bare TiO; layer, the change is
related to a better diffusion of the probe toward the active surface.
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Figure 6.12 - Nyquist's plot change during the test for (A) Au2.5nm/TiO,and (B) Au20nm/TiO; electrodes

This explanation is also supported by the absence of mass transport resistance (Warburg element) in
the Au2.5nm/TiO. electrode, and by its progressive appearance in the Au20nm/TiO, electrode.
Unfortunately, the number of points recorded at low frequencies were not enough to fit such parameter.
The fitted values, obtained using the circuit reported in Figure 6.12 B, are reported in Table 6.2.

Sample Ra/(Qcm?) CPEp./ (MFem2s®" | ap, Rcr/ (kQ cm?)
o initial | 57.30 25.7+0.7 0.793+0.005 | 777
2 final 56.51 22.4+0.7 0.827 +0.006 | 372
. initial | 83.76 491+0.4 0.880=0.002 | 13.1 0.1
Au2.5nm/Ti0z ey 80.23 30.00.2 0.861=0.001 | 17.6 £0.1
initial | 84.84 44.7:0.6 0.860 = 0.003 | 8.7 0.1
Au20nm/Ti0,  —
usbnmAR: - Mnal 80.40 60.0 0.8 0.822+0.003 | 4.0 0.1

Table 6.2 - Fitted parameters for the TiO,-covered electrodes
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6.3 Photo-electrochemical behavior

Chronoamperometry recorded under intermittent LED irradiation and Electrochemical Impedance
Spectroscopy — both under irradiation and in darkness — were recorded to study the photoactive behavior of

the electrodes.

EIS was recorded at two different values of applied potential, 0V and + 0.3V. These values were selected to
highlight how the material response changed in more anodic conditions, similar to those required for the
successive detection applications.
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Figure 6.13 - Nyquist (left) and Bode Phase (right) plots for a Au20nm/TiO; electrode in NaClO4 0.1 M, highlighting how different
conditions of applied potential and irradiation affect its behavior

An example of the recorded plots is reported in Figure 6.13, for the Au20nm/TiO, electrode. It is clear that
at relatively high applied potential the electrode behaves as a capacitor, while a faradaic reaction was present
at lower applied potential. It is possible that at 0.3V the anodic reaction of gold oxidation and the cathodic
gold oxide reduction coexists, thus only the capacitive behavior emerges. At 0V, only the onset on gold
oxidation takes place. Based on these results, the data were fitted using the equivalent circuits reported in
Figure 6.14, depending on which behavior was observed.

R, CPE,, Rq CPE,,
_ " > _ " >>

RCT

Figure 6.14 - Equivalent circuit for non-ideal capacitive behavior (left) and Randles model (right)
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Figure 6.15 - Values of Rq recorded at 0V (A) and 0.3V (B) in NaCl040.1 M
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Figure 6.16 - CPE parameters recorded at 0V (A-C) and 0.3V (B-D) in NaCl040.1M
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For all the samples, the value of the cell resistance remains very similar, and is not affected by the irradiation
(Figure 6.15 A-B). The same is valid for the value of ap,, which is expected as the material of the electrode
remains unaltered (Figure 6.16 C-D). A trend can be observed for the value of CPEp,, which increases upon
irradiation due to the formation of new charge carriers in the material. It is also possible to observe that the
value is higher for the electrodes prepared with more gold (Figure 6.16 A-B).

The value of Rcr, reported in Figure 6.17 clearly highlight that irradiation lead to a decrease charge transfer
resistance and this trend is linear with the amount of gold in the sample.
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Figure 6.17 - Values of Rcr recorded at OV in NaClO40.1M

An example of the obtained photocurrent is reported in Figure 6.18 A for a FTO glass slide covered with the
thin film of TiO, under 395 nm LED irradiation.

Upon irradiation, charge separation is promoted and a peak can be observed in the amperogram. After a few
seconds, electron and holes recombination lead to a stable value of stationary photocurrent. For all the tested
samples, the first dark/light cycle lead to higher PEC values, possibly due to a cleaning of the TiO; surface that
takes place when holes are formed and trapped at the TiO,/solution interface.

By increasing the amount of gold content in the electrode, as shown in Figure 6.18 B, the value of
photocurrent increases until a maximum value is achieved.
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Figure 6.18 — (A) PEC response of a FTO/TiO; electrode at 0.1V vs SCE in NaClO4 0.1M under 395 nm LED irradiation. (B) Variation of
stationary photocurrent intensity value with the amount of gold in the samples, recorded in in NaClO4 0.1M under 395 nm LED
irradiation at 0.1V vs SCE

For all the tested samples, increasing the irradiation wavelength from 395 nm to 455 nm and 530 nm
lead to a decrease in PEC intensity. This is expected, as the PEC activity is due to TiO,, and the peak
absorbance of TiO; is in the UV / near UV region.

An example of this is reported in Figure 6.19 (A) for the FTO/TiO, electrode. It is also clear from the
recorded signal that the transient photocurrent decay is much faster at higher wavelength. The same
behavior was observed in the samples with 5, 10 and 20 nm of deposited gold below the TiO, layer. An
interesting difference arises when the sample prepared with the smallest nanoparticles (from the 2.5
nm film) was irradiated at 530 nm. In this case, the recorded signal was cathodic, as shown in Figure
6.19 B. This indicates that a different process is taking place, and is expected as the irradiation
wavelength is close to the plasmon resonance peak of gold nanoparticles of 13.6 £ 0.7 nm.
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Figure 6.19 - (A) PEC recorded with a FTO/TiO, electrode at + 0.1V vs SCE in NaClO4 0.1M under LED irradiation.(B) PEC recorded
with a FTO/TiO, electrode at + 0.1V vs SCE in NaClO4 0.1M under LED irradiation
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The electron-hole recombination rates were also obtained by fitting the decay curve using OriginPro software.
Three types of fitting were tested, with the following equations:

Equation 6.1 —
y=yo+ Aje™/h
Equation 6.2 —
y =y, + Are™ + Aye~¥/t
Equation 6.3 —

y=yo+ Are™ + Aje 2 + Aze™/ts

When using a mono-exponential fitting (Equation 6.1), all the samples presented values between 8 and 20 s
when irradiated at 395 nm, due to the charge separation happening in the TiO,. No significant trend could be
observed. At higher wavelengths, the value was always lower than 0.3 s.

Moving to a bi-exponential fitting (Equation 6.2) a first, fast decay could be observed followed by a second,
slower one. It is worth mentioning that this equation has already been used in Chapter 3, but only the trend
in the same batches of TiO, are considered, so no comparison of the obtained values will be made. This is
related to the fact that the value of T is highly dependent on the layer thickness and can vary significantly due
to improved operator’s ability to perform the dip-coating. Other environmental factors that could not be
controlled (temperature and relative humidity) also influence the deposition, which is therefore considered
“the same” only between samples of the same batch.

T1 was close to zero for all the samples except those containing high amount of gold (initial film thickness >=
5 nm). The latter presented values close to 5 s. As for T2, a more interesting trend was observed. As reported
in Figure 6.20, TiO, only presented high value when irradiated at 395 nm. All the samples containing gold
also presented a 15 s time when irradiated at 455 nm. This can be explained as the presence of gold
nanoparticles increased the light absorbance in the visible light region of the spectra. The values of R?
obtained for the bi-exponential fitting are higher than the values obtained for the mono-exponential one,
suggesting that the model is more accurate.
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Figure 6.20 - t2 value for different electrodes at 395, 455 and 530 nm

The analysis of the tri-exponential fitting did not lead to significant results. The values of R? did not improve
compared with the bi-exponential fitting. At 395 nm, T2 was higher than T1 for all the samples, while at other
wavelengths no difference was observed. The values of T3 were higher for all the samples at all the
wavelengths, but no trend was present, thus such plots were disregarded.
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6.4 H,0O,Electrochemical detection

H.0O,, as shown in Figure 6.21 A, cannot be effectively detected on a bare TiO- film. When a layer of gold
nanoparticles is located below the TiO; layer, a significant signal increase can be observed upon H;0,
consecutive additions, as shown in Figure 6.21 B and C.
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Figure 6.21 - Behavior of (A) TiOz and TiO, with small (B) and big (C) gold nanoparticles. Note that the graphs are reported with the
same scale

All the materials show an increase of the cathodic current at -0.5V vs SCE. In addition, the electrodes
containing gold nanoparticles also present two anodic peaks. The first one, located at +0.1 V vs SCE, can be
quantified in the whole concentration range, while the latter, at + 1.2 V vs SCE, only appears at higher
concentrations of H,0,. The sensitivity of the cathodic current of the three materials is compared in Figure
6.22 A and the anodic peak at +0.1V of the composite electrodes was also compared in Figure 6.22 B.
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Figure 6.22 - Calibration plots obtained for different materials using the cathodic value at -0.5 V vs SCE (A) and the anodic peak at +
0.1V vs SCE

Interestingly, no significant difference could be observed when working with different amounts of sputtered
gold under the TiO; layer. This suggests that the employing lower amount of gold could be more convenient.

If compared to the performances of gold nanoparticles on FTO without the TiO, layer, a clear trend is
observed: The exposed gold leads to the highest sensitivity, TiO, alone does not detect the analyte and the
composite material lays in the middle. For the comparison reported in Figure 6.23, the cathodic signal was
selected although only exposed gold presented a peak, while the values of the other electrodes are the
current recorded at the lower vertex potential of the CV scan.
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Figure 6.23 - Calibration plots of the cathodic signal for different electrodes. A clear trend could be observed for the three types of
materials
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6.5 H,0O, PEC detection

As previously mentioned, one of the advantages of a TiO. layer is its photoactivity. Thus photo-
electrochemical response of the electrode in the presence of H,0, was studied.

First, the behavior of a 2.5nmAu/TiO; electrode was analyzed at different values of applied potentials (Figure
6.24). As expected, when the sample is irradiated in absence of H,0, (point a) the PEC signal is proportional
to the applied potential. Additions of H,0, were performed during the dark phase (point b) and lead to
different observations. When working at the lowest applied potential (+ 0.1V vs SCE), a cathodic signal was
observed, indicating that a reduction reaction was taking place instead of the expected photo-
electrochemical oxidation. At + 0.3 V a weak, but clear, signal was present. At higher values (+ 0.5V and + 0.9
V) a clear rise of current was recorded.

Upon irradiation, a transient photocurrent peak was present at all potentials. At + 0.1 V, the oxidation of H,0>
carried out by the photogenerated holes was able to reduce the intensity of the cathodic signal.

At + 0.3V and + 0.5 V, both an anodic transient photocurrent and stationary photocurrent were observed,
significantly higher than the current values recorded during the dark phases.

At + 0.9V, a peak for transient photocurrent was observed, but the presence of additional charge carriers did
not influence the value of recorded current, with respect to the dark value. This is because at such high
applied potential, most of the reaction is electrochemical and the presence of a relatively small number of
photogenerated holes is negligible.

At potential equal or higher than + 0.3V, a cathodic peak was also recorded immediately after the LED was
turned off. This phenomenon, known as overshoot, arises because when the flux of holes to the interface is
immediately interrupted, the flux of electrons continues, driven by the remaining holes, until all those are
consumed by recombination or charge transfer.
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Figure 6.24 - PEC response recorded at 0.1, 0.3, 0.5 and 0.9 V vs SCE with a 2.5 nm dewetted gold electrode covered by TiO,. (a) first
light cycle; (b) addition of H,0,; (c) second light cycle
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A choice was made to select + 0.3 V as the best potential to record a calibration plot. This allowed to obtain
a good signal, while keeping a low potential, thus limiting tear of the electrode and the effects of possible

interferents in solution. The recorded amperograms are reported in Figure 6.25.
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Figure 6.25 - Current recorded at + 0.3 V vs SCE in NaClO4 0.1 M solution with additions of H,0; (from 0 mM to 0.5 mM)

For each electrode, three calibration lines were produced by measuring the maximum value of transient
photocurrent, the value of stationary photocurrent and the plateau reached during the dark phase.

Two different linear ranges could be distinguished, one between 0 and 0.15 mM, present only for the
samples containing gold, and the other between 0.2 and 0.5 mM. At higher concentration, saturation of
the signal was observed.

The obtained values of sensitivity are reported in Figure 6.26, showing that the sensitivity in the lower
range is higher than in the upper range for all the materials. TiO, alone could not detect H,O- at + 0.3V
without irradiation, while it was possible by the other samples thanks to the presence of gold. In all the
tested cases, the sensitivity was proportional to the quantity of gold present in the sample.
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Figure 6.26 - Sensitivity values of the tested electrodes (A) in the range 0 - 0.15 mM and (B) 0.2 - 0.5 mM

Analysis of the electron-hole recombination kinetics for the Au/TiO, electrodes revealed that the
addition of H,O, to the solution led to a change in the photocurrent decay behavior from bi-exponential

to mono-exponential. This is consistent with the known behavior of photoactive materials in the
presence of efficient hole scavengers.®®*’

The initial bi-exponential decay indicates the presence of two dominant recombination processes: a
faster component, likely associated with bulk recombination or surface trap-assisted recombination,
and a slower component, attributed to hole accumulation and their reaction with adsorbed water
molecules. The transition to a mono-exponential decay upon addition of H,0, suggests that one

recombination pathway is now dominant, while the others have either been suppressed or proceed on
a timescale too fast to be resolved.

In the presence of H,0,, photogenerated holes that would otherwise be trapped at surface defects or
slowly oxidize water are rapidly scavenged. This efficient hole removal suppresses the slower
recombination component, simplifying the decay kinetics to a predominantly single-process behavior.
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7 Hybrid Ag/TiO, electrodes

In previous chapters the advantages of combining metal structures and a TiO; layer were presented. The
possibility of exploiting both their synergistic activity and their specific catalytic properties for analyte
quantification were tested.

In this chapter, a bimodal cetirizine sensor is proposed. It is based on silver structures covered by
titanium dioxide and can combine the detection via photoelectrochemical (PEC) oxidation and
electrochemical reduction, employing for both the same experimental setup. In PEC, the excitation
source (external irradiation) is physically separated from the recording device, and this allows to obtain
better signal-to-noise ratio. Interestingly, no sensors were found in the literature exploiting either PEC
for oxidation of cetirizine or electrochemical reduction. The proposed sensor also exploits titanium
dioxide photo-renewable surfaces to achieve anti-fouling properties and to increase the overall lifetime
of the device.®®

7.1 Electrode Preparation and Characterization

The electrodeposited structures of silver on fluorine-doped tin oxide (FTO) electrodes were
characterized by SEM imaging before the deposition of the TiO, layer. As shown in Figure 7.1 A-B, two
clearly different morphologies could be obtained: spheres present a diameter of 1 um and dendrites are
formed by a longer needle-like structure between 1 and 3 um with smaller branches of less than 1 um.
After the deposition of the semiconductor, SEM images revealed a uniform cover of the electrode, but it
was no longer possible to distinguish between the undelaying silver morphologies due to the high
thickness of the deposited layer, which is known from previous works to be approximately 100 nm with
a surface roughness of (8.6+0.9) nm (Figure 7.2). *®

UV-VIS spectra of the assembled electrodes were recorded using an integrating sphere. As shown in
Figure 7.1C, the transmittance clearly changes as the amount of the deposited silver is higher for the
dendritic structure. This is in agreement with the deposited charge recorded during the
electrodeposition, (0.0214 = 0.0005) C m-2for silver spheres and (0.26 + 0.08) C cmfor silver dendrites.

TeNANg
AL
‘*I:ll:,'li:i

D28 x7.0k 10 um

A B

73



80

70+

60

50~

40

T%

30+

—TiO,
—— TiO,/Ag SPH
——TiO,/Ag DEN

300 400 500 600 700 800
C A/ nm

Figure 7.1 - SEM images of silver dendrites (A) and spheres (B) before TiO, layer deposition and UV trasmittance specta of the
assembled devices (C)
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Figure 7.2 - SEM image of a TiO,/AgDEN electrode (A) and TiO,/AgSPH electrode (B)

Cyclic voltammetry, recorded in presence of 3 mM potassium ferrocyanide, highlighted the difference
between the TiO, layer deposited on FTO and the electrodes where silver structure were also present
(Figure 7.3 A). Furthermore, the electrodes prepared with silver spheres and those prepared with silver
dendrites presented a different shape especially in the anodic region. In particular, dendrites show a
multi-peak signal, probably due to a less homogeneous structure with different morphologies. A further
difference between the two structures covered with TiO, was highlighted by diffusion studies conducted
with ferricyanide probe at different scan rates. As reported in Table 7.1, the electrodes behaved
significantly differently, showing for silver spheres the log(j) vs log(v) slope higher than 0.5, typical of
particles more diffusionally accessible.®
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Samples Log (j) vs Log (v) jvs Vv

TiO./Ag spheres 1.11 £0.07 0.0130 = 0.0008
TiO,/Ag dendrites 0.5+0.1 0.011 +£0.002
TiO, 0.184 + 0.003 0.049 £ 0.003

Table 7.1 - Characterization of TiOz/Ag electrodes in K4[Fe(CN)s]

The effect of silver structure can also be observed via electrochemical impedance spectroscopy: in
particular, the charge transfer resistance of the electrode decreases drastically when conductive silver
structure are used below the TiO, layer - from (37 = 3) kQ cm?to (0.6 = 0.1) kQ cm? (Ag SPH) and (0.45
£ 0.03) kQ cm? (Ag DEN) (Figure 7.3 B).

The behaviour of the three electrodes upon 395 nm LED irradiation also presents a clear trend: TiO,
leads to the highest photocurrent while the presence of silver structures decreases such value. The
current intensity was inversely proportional to the total amount of electrodeposited silver (Figure
7.3Figure 7.3 - (A) CV curves recorded in NaClO4 0.1 M in presence of 3mM [Fe(CN)e]*’* (B) EIS recorded
in NaClO4 0.1 M at + 0.25V and (C) Photocurrent recorded at + 0.1V vs SCE under intermittent 395 nm

LED irradiation

C), as only part of the (photo)generated electrons travel through the external circuit, while others are
used to reduce the naturally oxidizing Ag* ions to the metallic state.®
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Figure 7.3 - (A) CV curves recorded in NaClO4 0.1 M in presence of 3 mM [Fe(CN)s]?/* (B) EIS recorded in NaClO4 0.1 M at + 0.25 V
and (C) Photocurrent recorded at + 0.1V vs SCE under intermittent 395 nm LED irradiation

7.2 Photo-Electrochemical oxidation of Cetirizine

Cetirizine was initially detected via PEC oxidation, working at + 0.1 V vs SCE and using a 395 nm LED as
light source. The potential is maintained at + 0.1 V since the value of the photocurrent is high enough to
assure the detection of CTZ and the possible interferences are minimized.

The analyte was added in a standard electrochemical cell during the “dark phase” of the chopped
illumination cycle, and the current intensity was evaluated using the stationary photocurrent 3 minutes
after irradiation. No drift of the baseline can be observed, suggesting that the low applied voltage is not
enough to effectively oxidize the molecule, while an increase in the photocurrent signal can be observed
after CTZ additions (Figure 7.4 A).

The photocurrent values were used to produce a calibration plot (reported in Figure 7.4 B), where two
linear ranges could be observed, from 0 to 5 puM and from 8 to 18 uM. During the study, attention was
focused on the lower linear range, which presented the highest slope and good linearity and the
sensitivity of the three electrodes were compared (Figure 7.4 C).

Bare TiO, presented the highest slope, while the change of current was negligible when increasing
analyte concentrations were tested with the dendrite-based electrode. This was expected as the photo-
electrochemical oxidation current was the lowest for this sample. Interestingly, the electrode prepared
with spheres, containing a lower quantity of silver, presented a good sensitivity being also the best
candidate for the reductive dehalogenation of the target molecule.
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Figure 7.4 - (A) Example of photocurrent change with consecutive additions of cetirizine and (B) complete calibration plot for
TiO2/Ag SPH electrode. (C) Comparison of the performances of the different electrodes in the selected concentration range towards
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7.3 Electrochemical Reduction of Cetirizine

The cathodic region where the reduction peak could be observed for the electrode TiO,/SPH was
identified via CV (Figure 7.5 A) and, in order to improve the detection limit, Differential Pulse
Voltammetry (DPV) was recorded with consecutive cetirizine additions (Figure 7.5 B). DPV operating
parameters were carefully optimized (see experimental section) and nitrogen purge was used to obtain

a clearer signal.
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Figure 7.5 — (A) CVs recorded with and without addition of cetirizine and (B) DPV recorded with consecutive additions of CTZ

Upon background subtraction, a clear trend could be observed as reported in Figure 7.6 A. The area of
the peaks was used to plot a calibration line, reported in Figure 7.6 B. Interestingly, such trend was not
observed when working with the dendritic structure, probably due to the more fragmented metal
structure, and as expected when working with the bare TiO, electrode, for the absence of the metal.
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Figure 7.6 - (A) DPV curves (background subtracted) of cetirizine consecutive addition in NaClO4 0.1M and (B) corresponding
calibration plot
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7.4 Data analysis

The analytical parameters of the bimodal sensor are reported in Table 1. The LOD (30/S) are very similar,
being (1.03 = 0.08) uM and (3.2 £ 0.1) uM for PEC oxidation and EC reduction, respectively. The small
difference can be caused by the better signal-to-noise ratio of PEC analysis and by the possible fouling
of the silver during the reductive dehalogenation. LOQs (100) follows the same trend and the apparent
recovery factors are satisfactory for both techniques, being very close to 100 %.

Table 1. Analytical parameters of the prepared FTO/Ag(sph)/TiO, electrode with two different techniques.

PEC Oxidation DPV Reduction
LOD /uM 1.03+0.08 3.2+0.1
LOQ/uM 3.4+0.3 10.7+£0.3
Apparent recovery factor 103.2 % 97.2%
Sensitivity 0.084+0.007 pAcm™'pM?  2.27+0.07VmA cm™2

7.5 Interferents

To validate the concept of a bimodal sensor, interferents study and real sample analysis were
performed. Paracetamol, diclofenac, ascorbic acid, and inorganic ions as Mg?, K*, SO,% and PO,*> were
not detected with the bimodal device (Figure 7.7), both in EC and PEC determination. In particular,
attention was focused on glycerol, as it is present at high concentration in many commercial
formulations of cetirizine, such as Cetirizina Pensa®. As shown in Figure 7.8 A, when working with the
photo-electrochemical oxidation it was possible to detect the presence of glycerol, even though the
sensitivity was much lower compared to that toward cetirizine. With that technique glycerol could be
thus considered an effective interferent species. On the other hand, analysis in DPV were not able to
detect glycerol. A direct comparison of the results obtained with the two techniques can give better
understanding of the phenomena that are observed in the solution.

50+ —— Ascorbic Acid 8 uM
40 —— Paracetamol 8 uM
301 —— Diclofenac 8 uM
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Figure 7.7 - Interferents test (PEC on the left and DPV on the right). In PEC, the reported cycles are: background (3x), KsPO4 80 um,
MgS04 80 um, Ascorbic acid 8 um, paracetamol 8 um, diclofenac 8 um
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Figure 7.8 - (A) PEC-oxidation conducted at + 0.1V vs SCE with 395 nm LED irradiation and (B) DPV measurements with glycerol in
NaCl040.1 M

7.6 Advantages of the combined electrode

The usage of the two materials combined in the same device leads to specific advantages compared to
the use of two different electrodes. As reported in previous works®, the presence of a physical layer of
TiO, above the deposited metal plays an important structural role, preventing the loss of silver in
solution and mechanical damages of the surface. No tests were conducted with exposed silver
structures, as they were lost in solution before being able to collect significant data (Figure 7.9).

Figure 7.9 - Electrodes of uncovered Ag structures after the electrochemical test (left) and comparison with a freshly prepared one
(right)
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On the other hand, photoactivity of the TiO, layer can also be used to improve the lifetime of the sensor.
Upon irradiation, electrons and hole are generated. The holes migrate toward the electrode-solution
interface and can be used to oxidize adsorbed molecule present on the electrode’s surface. This allows
to restore the background signal after tests, limiting electrode fouling as reported in Figure 7.10 A. In
order to achieve such result in only one hour, a more powerful 500W UV lamp was used as light source.

Photogenerated electrons also play an important role in restoring the electrode performances, as they
can reduce the naturally occurring silver oxide to metallic silver. This process can be followed via CV
(Fig. 6B) by observing the increase of the Ag oxidation peak and via EIS (Fig. 6C), checking the reduction
of the electrode’s resistivity after 1 hour of irradiation, from (8.00 = 0.05) kQ cm? to (4.22 + 0.08) kQ cm?.

Interestingly, the literature focuses on the oxidation of the molecule but no data were found about
cetirizine electroreduction (Table 2) and no bimodal detection was proposed. Moreover, although the
LODs in this work are higher than other studies, they remain in the range of many pharmaceutical
compounds. Finally, the CTZ potentials for the bimodal technigues are much lower than all the other
electrodes, which represents an undoubted advantage both for the least damage to the electrode and
for the least possibility of interferences.

Table 2. List of other works focusing on the detection of Cetirizine.

Material Technique LOD/uM Linear Range uM CTZ potential /V Ref
PLMCNTPE ™ CV ox 0.17 5-50 +0.75vs SCE 3
PMO/CNTPE " CV ox 0.076 2-45 +0.75vs SCE 74
Ag-TiO.-MWCNTs/CPE SWV ox 0.00876 0.3-3 +0.71vs SCE 7
CHO-GO/CPE™ SWV ox 0.009 0.1-3 +1.06vs SCE 7
ZnO-Gr/CPE ™ DPV ox 0.028 0.05-4 +1.16 vs SCE 76
p.GPH SWV ox 0.16 0.5-25 +0.96 vs SCE 72
TiO,/Ag PEC ox 1.03+0.08 0-6 +0.1 vs SCE This work
DPV red 3.2+0.1 0-40 -0.25 vs SCE This work

[a] Poly(L-Leucine) layered carbon nanotube paste electrode. [b] Poly (methyl orange) Modified Carbon Nanotube Paste Electrode. [c]
Graphene oxide/cholesterol nanohybrids. [d] Zinc Oxide—Graphene Nanocomposite. [e] Pretreated graphite pencil.

—— Background reference
——10*MCTZ

-0.41 —— Background post cleaning
-0.5+
~0.6 0.4 -0.2 0.0 0.2
A Evs SCE/V
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Figure 7.10 - (A) Cleaning of the electrode’s surface upon irradiation — CVs recorded in NaClO4 0.1 M; (B) CV and (C) EIS highlighting
the effect of 500W 365 nm UV irradiation on the metallic silver content and resistance of the device. Tests recorded in NaClO4 0.1
with 3 mM [Fe(CN)6]3-/4-, EIS recorded at + 0.25 V vs SCE

7.7 Conclusions

In this chapter, a bimodal device capable of exploiting its components for both photo-electrochemical
oxidation and electrochemical reduction analyzed on the same analyte molecule was tested. The
presence for TiO, was essential for the PEC oxidation and the semiconductor photoactivity was
responsible for such process. Silver structures, on the other hand, allowed to obtain the
electrochemical reduction of the molecule due to their catalytic properties. The presence of both
materials lead to a synergistic effect, not only allowing to perform both the measurements with a single
device and the same experimental setup, but also to obtain a more stable and reusable electrode. The
obtained analytical parameters are satisfactory for both techniques. The comparison of the results
allows to achieve better reliability, eliminating the effect of specific interferents (glycerol) that would

affect only one of the two analytical techniques used.
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8 Conclusions

This research work began with a systematic investigation of the properties and behavior of titanium
dioxide (TiO,) thin films, with particular emphasis on their synthesis and photo-electrochemical (PEC)
characterization. The initial phase involved preparing a sol using titanium isopropoxide as the precursor,
which was then subjected to controlled aging over various time intervals. Experimental results
demonstrated a clear correlation between the aging duration of the sol and the performance of the
resulting TiO, film. Specifically, a 14-day aging period yielded the most favorable outcomes, including
enhanced surface coverage and a significantly stronger photocurrent response.

To further explore the functional versatility of the TiO, film, the film was modified by incorporating gold
nanoparticles (AuNPs) synthesized via wet chemical methods. This modification aimed to evaluate how
the presence of metallic nanostructures could influence the electrochemical and sensing capabilities
of the device. It became evident that the TiO, layer played a crucial role in stabilizing the gold
nanoparticles, which otherwise exhibited poor retention and rapid dissolution in solution. The
protective TiO, coating not only preserved the integrity of the gold structures but also contributed to a
marked improvement in the device’s sensing performance, particularly when compared to the
unmodified TiO, film. Ciprofloxacin, a wide range antibiotic was selected as target analyte and cloud
be detected with good sensitivity even in the presence of various interferent.

As nanoparticles proved to play a key role on device performance, the study progressed to investigate
alternative fabrication techniques for producing metal nanostructures. Wet synthetic methods, while
commonly used, were found to suffer from several limitations: low structural stability, poor control over
spatial distribution, and complex, multi-step procedures involving numerous chemical reagents. To
address these drawbacks, a purely physical approach—solid-state dewetting—was proposed and
implemented. In this method, a thin metallic film was sputtered onto a conductive substrate and
subsequently annealed to induce the formation of nanoparticles with uniform size and spacing. The
diameter of the resulting nanoparticles could be finely tuned by adjusting the initial thickness of the
deposited metal layer.

To further understand the interplay between TiO, and metal nanoparticles, a TiO, layer was deposited
on top of the dewetted gold nanostructures. This configuration led to a noticeable decrease in
electrochemical sensitivity, a result that aligned with expectations given TiO,’s insulating behavior
under certain conditions. However, the inclusion of TiO, introduced additional functional properties,
most notably its intrinsic photoactivity. This characteristic was harnessed to enable photo-
electrochemical detection of H,0,, demonstrating that the same device could be used to quantify the
analyte through two distinct mechanisms—electrochemical and photo-electrochemical. This dual-
functionality concept is referred to as bimodality.

Building on this bimodal approach, a new device was developed using TiO, in combination with silver
nanostructures. The objective was to evaluate how substituting gold with silver would influence the
device’s behavior and to test the feasibility of bimodal sensing in a context closer to real-world
application. In this configuration, TiO, was essential for enabling PEC oxidation, leveraging its
semiconductor properties and photoactivity. Silver, on the other hand, facilitated the electrochemical
reduction of the target molecule due to its well-known catalytic properties.

The integration of both materials resulted in a synergistic effect. Not only did this allow for both PEC and
EC measurements to be conducted using a single device and unified experimental setup, but it also led
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to improved electrode stability and reusability. The analytical parameters obtained—such as sensitivity,
limit of detection, and reproducibility—were satisfactory for both techniques. Moreover, the ability to
cross-validate results from two independent detection modes enhanced the reliability of the
measurements. This dual-readout strategy proved particularly effective in mitigating the impact of

specific interferents, which would otherwise compromise the accuracy of one technique while leaving
the other unaffected.
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9 Appendix 1 - Techniques

During this Thesis’ work, many techniques played an important role for the investigation of the
electrodes’ material properties. While the experimental parameters will be presented in details at the
end of the thesis, a brief introduction on the working principle for these techniques will now be
presented.

9.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a powerful and popular electrochemical techniqgue commonly employed to
investigate the reduction and oxidation processes of molecular species.* It is particularly useful to
determine the location of the redox potential of the electroactive species.

The electrochemical setup used for this technique is a classical three-electrode cell consisting of a
Reference Electrode(RE), Counter Electrode (CE) and Working Electrode (WE, as reported in Figure 9.1
A. Most analysis performed during this work did not require to operate in degassed solutions, so a
standard 50 mL beaker was used to contain the electrodes. The general scheme of a potentiostat is
reported in Figure 9.1 B."®

POTENTIOSTAT

e (O

Figure 9.1 — (A) Three electrode setup for cycling voltammetry and (B) general scheme of a potentiostat

During the analysis, the potential is varied between the WE and RE with a triangular waveform, as
reported in Figure 9.2, inset. The extremes of the potential range are commonly referred as upper and
lower vertex potential. The current flow between the WE and CE is recorded.

If no reaction takes place in the selected range, a rectangular shaped voltammogram is obtained. It is
due to the phenomena of charging and discharging of the surface, e.g. the capacitance of the system.
When a reaction takes place, a corresponding peak can be located. As shown in Figure 9.2, the shape
of such peak can give interesting information on the nature of the electron transfer process, like its
electrochemical reversibility. '’
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Figure 9.2 - A comparison of CV wave-shapes for reversible, quasi-reversible, and irreversible electron transfer process with the same
formal potential, EfO, on a macro-disk electrode (where planar diffusion dominates). The inset shows the triangular potential "ramp"
applied to the working electrode during measurement

The CV shape is influenced by reagent concentration, number of exchanged electrons, electrode’s
surface and diffusion coefficient of the reagent.

As for the diffusion processes from the bulk of the solution to the electrode surface, such processes
have been extensively studied by Compton.® It is known that for a planar electrode, the current
intensity is related to the diffusion of the active specie with the Cottrell equation (Equation 9.1), where
where D is the diffusion coefficient, c* represents the bulk concentration and t is the time.

. 1 nFAVDc*
Equation 9.1 - j=Dc* N I = e

This typically lead to a peak-shape signal. If the macroelectrode is spherical, the Cottrell equation must
take into account another factor, related to the sphere radius r., as reported in Equation 9.2.

. 1 1
Equation 9.2 - ] = Dc* {\/ﬁ + r_}
e

At low time values, the radius element is negligible, and the electrode behaves as the planar electrode.
In this case, the radius must be higher than the diffusion boundary layer. At high time values, the first
termin the braces become negligible and the flux and current can be calculated as reported in Equation
9.3.

, c*
Equation9.3- = Dr— I = 4nr,DFc*
e

The latter case is characterized by a typical step-like shape, as the diffusion layer has time to
expand and the electroactive molecule concentration at the electrode does not decrease over
time. This diffusion is called “convergent” and happens when the radius of the spherical

electrode is smaller than the diffusion boundary layer.
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This shape changing effect can also be observed as the dimension of the electrode changes,
as shown in Figure 9.3, for example moving from a macroscopic electrode to a microelectrode

or a single nanoparticle.

}

2-Wy/!

increasing contribution
of non-linear diffusion

A

E/V

Figure 9.3 - Effect of electrode size on the recorded signal %8

Small microelectrodes presents many advantages compared to a wide planar one, such as more
efficient diffusion, faster kinetic, reduced capacity, limited noise and lower Ohmic drop. It is therefore
convenient to engineer the electrode surface to move from a macroscopic active layer to an array of
microelectrodes. This can be achieved, for example, by covering the active layer with an insulator, as
reported in Figure 9.4.

-1/ pA //"— = naked h
” I 04 cm
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Figure 9.4 - CV recorded for electrodes with different covering distribution on the surface %8
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Such surface morphology greatly affect the electrode behavior. As reported in Figure 9.5, 4 different
cases can be observed. In case 1, the insulating material is concentrated in few spots, and linear
diffusion takes place on the exposed parts of the electrode. In case 2, exposed parts of the
electrode have small dimensions and behave as microelectrodes with non-planar diffusion. As
the number of microelectrode increases, and their distance decreases, (case 3) the diffusion
layer overlap and the overall effect can be similar to planar diffusion (as shown in case 4).

Large electrodes, widely spaced Small electrodes widely
1 individual diffusion layers: 2 Mﬂd-ﬂuwnlays::m
planar diffusion non-planar diffusion

electrode /

o> <> a»> o>
-y - ——— = - ——

Figure 9.5 - Variation of the diffusion lines at the electrode surface with different covering distribution

Instead of using a blocking material, it is also possible to obtain the same effect by depositing metal
nanoparticles in a controlled way, as shown in Figure 9.6.
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Figure 9.6 - Effect of nanoparticle distribution on the current signal observed in CV

In this case, the current for each particle can be calculated as:

Equation 9.4 Lim =871nF D cpy 7

While the overall current equals:

Equation 9.5 Lot = Iim A (107)72

These values can be compared with those of the Randles-Sevcik equation for

macroelectrodes:

Equation 9.6 Lpeak = 2.69 1075n3/2pY2¢) V2 A

It is possible to evaluate how current values change with the scan rate for different surface
coverings. Positive deviations from the Randles-Sevcik plot can be observed with high surface
coverage, while low surface coverage will lead to uncomplete diffusion layers overlapping.
Therefore, convergent diffusion will prevail, and a negative deviation will be observed. as

exemplified in Figure 9.7.
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Figure 9.7 - Deviation from the Randles-Sevcik plot with high and low surface coverage

9.2 Impedance spectroscopy

Impedance spectroscopy is a complex electrochemical technique that allows to study the
properties of materials and interfaces. In general, this technique allows to see an
electrochemical system as its “equivalent circuit”, which means to represent it with an
electronic circuit (e.g., with resistors and capacities in series or in parallel). The analyses
reported in this work are performed in a standard 3-electrode cell, with a platinum counter
electrode, a working electrode with the material of interest and a reference electrode (generally
Ag/AgCl or SCE). The measure consists in applying an oscillating voltage and recording the
corresponding current values. After a mathematical elaboration, data are presented in three

forms:

- In the Nyquist plot, data are presented in a graph Z’ vs Z”. The first one represents the
“real part”, related to the resistance, while the latter represent the “imaginary part”,
related to the capacity. The name comes from the mathematical treatment of the data,
where imaginary numbers are used. Here, each point is a value of explored frequency

and the frequency increases moving from the right of the plot to its left side.

- Bode module plot uses the natural logarithm of |Z| on the y-axis versus the natural

logarithm of the frequency value as the x-axis.

- Bode phase plots use the phase value on the y-axis and the logarithm of the frequency

of the x-axis.
90



Nyquist and Bode phase plots will be presented in the following pages. In the Nyquist plot, it is
common to observe a semicircle and a line as the one reported in Figure 9.8. 2
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Figure 9.8 - A depiction of a typical impedance spectrum
The measured value of resistance can be obtained by the radius of the semicircle in a Nyquist
plot and from the peak in a Bode phase plot. As for the linear part observable at lower
frequencies, it is related to mass transfer. If the line’s slope is approximately 45°, it is called
“Warburg resistance”. The value of the slope can be easily read on the y-axis of the Bode phase

plot and is equal to 100° for a pure capacitor.

9.3 Chronoamperometry and PEC measurements

Chronoamperometry is an electrochemical techniques that can be performed with an experimental
setup similar to the one presented in Figure 9.1. In this case, a constant potential is applied and the
current is measures.

This techniques is particularly useful when the material used as WE is photoactive, as it is possible to
irradiate the electrode with proper wavelengths to observe a change in the current intensity, as shown
in Figure 9.9."%

For a n-type semiconductor, like the previously mentioned TiO,, a photoanode behavior is expected.
When the electrode is irradiated at t=0 s, a peak called “transient photocurrent” is observed due to the
separation of electron-hole pairs. The presence of holes on the surface causes a flow of electrons
towards them (i.e., a negative current), and recombination occurs. This phenomenon leads to a
photocurrent decay and the “stationary photocurrent” value is reached. At such point, a steady state is
reached in which the rate at which holes reach the interface is exactly balanced by the rate at which
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they are consumed by charge transfer and recombination, and therefore the photocurrent becomes

constant and equal to the current passing across the semiconductor/electrolyte interface.

When irradiation is turned off, a negative overshoot can be observed. This is because the hole flux
to the interface is immediately interrupted, while the electron flux continue until all the excess

holes are consumed by recombination or charge transfer.

2.0

1.5

10
£
(3]
<
E o5
-]
2
-
0.0
05
1.0

Figure 9.9 - Transient photocurrent response of an a-Fe203 electrode showing the typical decay and overshoot interpreted as
evidence of surface electron-hole recombination. Note that the ‘decay’ is significantly larger than the ‘overshoot’
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The value of current measured at any given time can be calculated according to equation Equation 9.7.
Figure 9.10 shows the same process graphically.

Equation 9.7 ]phatocurrent(t) = Juote * Jrecombination = ]charging + ]transfer

current density
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Figure 9.10 - Deconvolution of the photocurrent into contributions from hole and electron current densities (left) and charge transfer

and charging/discharging of the space charge capacitance (right)
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9.4 UV-Vis spectroscopy

UV-Vis spectroscopy an analytical technique that measures the absorption and transmission of
ultraviolet and visible light by a sample. It can be particularly useful for material characterization or
quantification of the concentration of a species in solution, often requiring the reparation of a calibration
line.

In the instrument, a light beam is generated by lamps, typically a deuterium lamp (UV region) and
tungsten-halogen lamp (Visible region) to cover the full spectrum. The light beam, as shown in Figure
9.11, is directed to a dispersive element, usually a prism or a diffraction grating, to divide specific
wavelengths in separate beams. The selected beam passes through the sample and reaches the
detector, a photodiode or photomultiplier that converts light intensity into an electrical signal.

Dispersive element

vAg
QDVQD /

Sample
Source P Detector

Entrance slit Exit slit

Figure 9.11 - General scheme of a spectrophotometer

For solutions, the obtained value of absorbance can be calculated as reported in Equation 9.8, where A
is the absorbance, € is the Molar absorptivity (L-mol™"-cm™), ¢ the concentration of the analyte (mol/L)
and | the path length of the cuvette (usually 1 cm). This law shows that absorbance is directly
proportional to the concentration of the sample and the path length—making UV-Vis a powerful tool for
quantitative analysis.

Equation 9.8 - A=¢-c-l

For common organic molecules, a signal is related to electronic transitions, typically m>1* or n>1*
Specific signal can also be observed for metal nanoparticles, due to the phenomenon of Localized
Surface Plasmon Resonance (LSPR). LSPR occurs when conduction electrons on metallic
nanoparticles oscillate collectively in resonance with incident light, and is especially common when
working with small gold and silver nanoparticles.

Resonance is highly sensitive to nanoparticle size, shape, and surrounding medium. For gold
nanoparticles, typical values range between 20-580 nm. A change in peak wavelength can indicate
various processes, such as changes in particle size or shape, molecular adsorption on the particle
surface orvariations in the dielectric environment. The value of intensity, on the other hand, can be used
to monitor nanoparticle concentration or aggregation.
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9.5 SEM-EDX

An in-depth investigation of the morphology of deposited films and prepared nano- or micro- structures
is crucial for better understanding the electrodes’ properties. Such characterization can be carried out
using Electron Scanning Microscopy (SEM).

This technique uses a focused beam of high-energy electrons to scan the surface of a sample, and
allows to obtain information regarding surface topography and composition. As electrons have shorter
wavelength compared to traditional light, SEM allows to obtain better resolution compared to optical
microscopy, even lower than 1 nm.

Briefly, electrons are generated from a source, usually a tungsten wire, focused and accelerated toward
the sample via magnetic lenses. The interaction of the beam and the sample lead to the emission of
secondary electrons, backscattered electrons and X-Rays from the sample.

In particular, secondary electrons can be used to obtain information on surface morphology and X-Rays
the elemental composition through the so called Energy Dispersive X-Ray (EDX) spectroscopy.
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Figure 9.12 - (A) SEM scheme and (B) mechanisms for the production of secondary, backscattered electrons and X-rays

SEM-EDX was extensively used as it allowed to obtain critical information on the electrodes’ surface,
often complementary to electrochemical and spectroscopical data. Furthermore, the analysis proved
to be quick and non-destructive.
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9.6 Sputtering

A sputtering machine operates based on a physical vapor deposition (PVD) process used to deposit thin
films of material onto a substrate. In this technique, a vacuum chamber is evacuated to a low pressure
and filled with an inert gas, typically argon.

A target material, which is the source of the coating, is bombarded by high-energy argon ions generated
by a plasma. This ion bombardment causes atoms from the target to be ejected—a process known as
sputtering. These ejected atoms then travel through the chamber and condense onto the surface of the
substrate, forming a thin, uniform film. Sputtering can be conducted using different methods, such as
direct current (DC) sputtering for conductive materials or radio frequency (RF) sputtering for insulating
materials. The process offers precise control over film thickness and composition, making it widely
used in semiconductor fabrication, optics, and materials science.
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Figure 9.13 - Schematic representation of a sputtering process
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10 Appendix 2 - Experimental section

10.1 Preparation of the TiO: layer

14.2 g of Ti(OiPr); were added in a beaker with 50 cm? of EtOH. The solution was poured in a 100 mL flask
and 0.45 cm® of HCL 37% were added under magnetic stirring. A solution of 0.235 g of Lutensol (a non-
ionic surfactant) in 50 cm?® of ethanol was added in the flask, which was then closed. The solution was
stirred for 1 hour and then the sol was stored in glass bottles.

To form the TiO; film, the electrode was dipped in the TiO, precursor’s sol for 60 seconds, then placed
in a glass tube with N, flux (200 cm® min™") and calcinated in an oven at 400 °C for 1 hour "4'%,

Titanium(lV) isopropoxide (546-68-9), hydrochloric acid 37% (7647-01-0) and ethanol absolute (64-17-
5) were purchased at Sigma-Aldrich, while Lutensol ON70 at BASF.

10.2 Preparation of Gold Nanoparticles

Three solutions containing respectively 0.015 g of AuCls, 0.022 g of trisodium citrate dihydrate and
0.01375 g of PVP10 in 50 cm? of water were mixed in a round-bottomed flask using a mechanical stirrer,
and a solution prepared by dissolving 0.001875 g of NaBH, in 1.25 cm?® of milliQ water was added
dropwise. The solution was left under stirring for 15 minutes, kept at room temperature away from light
for a few hours and then stored in a plastic bottle at 4 °C.

Gold nanoparticles were prepared using AuCls (13453-07-1), trisodium citrate (6132-04-3), PVP10 -
Polyvinylpyrrolidone (9003-39-8) and NaBH,(16940-66-2) purchased at Sigma-Aldrich.

10.3 Deposition of gold nanoparticles

The sensor was prepared on a 2x3 cm FTO support, which was previously sonicated in a 1:1:1
isopropanol:acetone:water solution for 10 minutes, dried with N, flux and irradiated for 1 hour with a
500 W UV lamp. The cleaned FTO electrode was dipped in a concentrated H,SO. solution for 90
seconds, then rinsed with water and carefully dried with N, flux. The electrode was laid in a reactor
created ad hoc, with the conductive side on top, with 18 cm? of anhydrous toluene. The reactor was
carefully sealed and N, was fluxed for 3 minutes before placing it in a crystallizer with water and kept at
70+5 °C for 1 hour.

A solution made with 2 cm?® of toluene, 36 mm?® of MPTMS (3-mercaptopropyltrimethoxysilane) and 4
mm?® of APTES (3-aminopropyltriethoxysilane) was added in the reactor, which had to be kept at 70+5 °C
for another 3 hours.

The electrode was then carefully removed from the reactor, rinsed and sonicated with toluene for 3
minutes. The cleaning procedure was also repeated with ethanol and water, before drying with N, flow.
Such electrode was placed in a petri dish with the conductive side on top and was covered with a gold
nanoparticle solution for 1 hour. The excess of solution was later washed away with water, and the
surface was dried with N, flow.

As for the device preparation, FTO (fluorine tin oxide) covered glass slides (7 Q/sq), acetone (67-64-1),
sulfuric acid (7664-93-9), toluene anhydrous (108-88-3), MPTMS - 3-mercaptopropyltrimethoxysilane
(4420-74-0) and APTES - 3-aminopropyltriethoxysilane (919-30-2), where purchased at Sigma-Aldrich
while 2-propanol (67-63-0) at Carlo Erba.

96



10.4 Gold electrodeposition

After the functionalization of the surface with -OH groups, obtained by dipping the electrode in 98%
H,SO, solution, the FTO electrode is put in an electrochemical cell (Figure 10.1) as working electrode,
with a SCE as reference and a platinum wire as counter electrode. The solution for the deposition is
composedby 0.003 M AuCLin 0.1 M of sodium perchlorate, used as supporting electrolyte.

Figure 10.1 - electrochemical cell for the preparation of the electrodeposited electrodes. In the figure it can be seen the platinum wire

The procedure consisted of an applied potential of 1.1V vs SCE for 5 s followed by the electrodeposition
at -0.1V for different time, depending on the desired amount of electrodeposited gold (generally
between 15 and 60 s).

AuClL3 and NaClO,4 were bought from Sigma-Aldrich.

10.5 Gold sputtering and dewetting

Fluorine-doped Tin Oxide (FTO) covered glass slides were carefully cleaned by sonication in a 1:1:1
isopropanol:acetone:water solution and dried with N, stream. The obtained samples were located in the
vacuum chamber of a sputter machine and hold in place using double sided tape.

A formula developed internally in the PCS Group allowed to estimate the sputtered film tichkness:

o 7T - W; -t

Thick =
ickness W

Where:

- ro=sputter rate copper, provided by the supplier.

- r=sputter rate of copper at power W (0.070 nm/s)

- Wi = Sputtering power of metal i (W)

- t=time of sputtering

- W =Sputtering power of Cu resulting in r as deposition rate (20W)
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The deposition was carried out with direct current at 20W, depositing for different times and thus obtaining

different thickness, as presented below:

Deposited Thickness Power Deposition time
20 nm 20W 150 s

10 nm 20W 75s

5nm 20W 375s

2.5nm 20W 19s

The obtained samples were placed in a tube furnace with constant Ar flow (50 mL min™) flow and heated

according to the following temperature ramp:

Time / min Temperature / °C Rate / °C min™* Ar flow / mL min™*
0 120 25 10 50
1 48 500 10 50
2 60 500 10 50
3 180 25 10 50

10.6 Silver electrodeposition

FTO glass slides (1 cm x 3 cm) were pre-treated in order to clean the surface and increase the number
of -OH termination. First, the slides were sonicated for 10 minutes in a 1:1:1 (isopropanol: acetone:
water) solution, then sonicated in 1:5 nitric acid solution for another 10 minutes.

The obtained electrodes were immersed in a standard 3 electrode cell (immersed area approximately 2
cm?) with a platinum foil as counter electrode (CE) and a double-salt-bridge reference electrode,
consisting of an internal Saturated Calomel Electrode (SCE) and a saturated KNOs external solution.

The solution of AgNO; and citric acid for the metal structure preparation was freshly prepared to prevent
reduction. Different metal structures were obtained according to the following procedures:

- silver spheres were obtained using a 50 mL solution containing 2 g L™ of silver nitrate and 40 g L°
" of citric acid. Chronopotentiometry was carried out for 50 s at a current value of -1 mA

- silver dendrites were obtained using a 50 mL solution containing 1 g L™" of silver nitrate and 40 g
L citric acid. The deposition was performed using cyclic voltammetry between 0 and -1.6 V, at
a scan rate of 20 mv s™.

Both the solutions were stirred before starting the deposition. During the deposition the stirring was
stopped. The obtained electrodes were briefly rinsed with water to remove excess citric acid and dried
with N, stream.

FTO (fluorine tin oxide) covered glass slides (7 Q sq™), isopropanol (67-63-0), acetone (67-64-1) and
HNO; (7697-37-2) purchased at Sigma-Aldrich were used as received for the electrode pre-treatments.

AgNQO3(7761-88-8), citric acid (77-92-9) and KNOs (7757-79-1) purchased at Sigma-Aldrich were used
as received for the silver electrodepositions.
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10.7 Instruments

Atomic Force Microscopy (AFM) images were acquired on a Nanoscope Multimode llld (Bruker)
instrument. Root mean squared roughness (RMS) values were determined on 1 x 1 um? areas.

SEM images were acquired with a HITACHI TM-1000, except those presented in Chapter 5, for which a
field emission scanning electron microscope (FE-SEM, JEOL JSM-7610F) was used.

EDX analysis were acquired with a HITACHI TM-1000.

Sputtered samples were prepared using a using a magnetron sputter coater (ATC Polaris, AJA Inter-
nationalInc., USA) and dewetted in a tube furnace (Carbo-lite HST12/300).

Electrochemical measurements were recorded using mainly Autolab instrument from MetrOhm
(PGSTAT30). The data presented in Chapter 5 were recorded using a BioLogic VMP3 potentiostat.

Irradiation with high power UV lamp was achieved using a 500 W UV Lamp [HG 500] from Jelosil. A
distance of 15 cm was maintained between the electrode and the lamp. The UV emission spectra of the
lamp is reported in Figure 10.2.

280

Figure 10.2 - UV emission spectra pof the 500W UV lamp

while low power irradiation was obtained with the LEDD1B power supply from Thorlabs connected to
LEDs of various wavelengths (M395L4, M455L4 and M530L4). In order to tur the LED on and off, the
power supply was initially controlled with an Arduino Uno and later directly with the Nova 2.0 software
of the Autolab instrument.

UV-Vis measurements were recorded using a UV-2600 Spectrophotometer from Shimadzu.

10.8 Measurement parameters

For this work, NaClO, was used as supporting electrolyte, as it is reported in the literature that
perchlorate does not interact with gold surfaces.®?
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Electrochemical measurements were performed in a standard 3-electrode cell consisting in a platinum
wire as counter electrode, the modified FTO glass as working electrode and a Saturated Calomel
Electrode (SCE) from Amel as reference electrode. NaClO, 0.1 M was used as support electrolyte.

Only for the study of uncovered dewetted gold structures a specific cell, reported in Figure 10.3, was
used. It consisted of a PTFE block with a horizontal cylindrical cavity blocked at one hand by the CE (a
Pt-sputtered Ti foil) and on the other hand by the working electrode. Metal plates were used to keep the
electrode close and avoid any leak. Two holes were drilled from the top, one to insert the Ag/AgCl RE
and one to allow for analyte and solution additions.

FF

T
226D
s

b——‘

Figure 10.3 - Electrochemical cell used to study the dewetted gold structures

Unless specified otherway, cyclic Voltammetries where recorded with a potential step of 0.008 V and a
scan rate of 0.1 V/s, Impedance Spectroscopy was recorded between 65000 Hz and 0.1 Hz with an
amplitude of 0.01 Vgums.

Photoelectrochemistry was evaluated by keeping the light source at a controlled distance from the
electrode (2 cm for LEDs, 20 cm for the 500W lamp), and the sampling interval was 1s during the dark
phase and 0.1 s during the light phase.

H,O, DETECTION

For H,O, detection, 15 cycles were recorded for each addition, between -0.5V and + 1.3V vs Ag/AgCl at
a scan rate of 0.1 V/s. NaClO4 was used as supporting electrolyte.

STABILITY TESTS

For the stability tests, 10 scans of cyclic voltammetry between +1.2V and -0.5V were recorded and then
2 electrochemical impedance spectroscopy measurements were recorded at 0.25 V — the potential at
which Ks[Fe(CN)e] is achieved. EIS frequency was vaied between 65000 Hz and 0.1 Hz with an amplitude
of 0.01 Vrms. This sequence was repeated 10 times. The tests were conducted in NaClO4 0.1 M with the
presence of K4[Fe(CN)s] 1 mM, which is known in literature to interact with Au structures and cause it’s
dissolution, in order to accelerate any possible change of the samples.
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NaClO, (7601-89-0) and [Fe(CN)s]** (14459-95-1) from Sigma-Aldrich dissolved in milliQ water were
used, as received, as supporting electrolyte and electroactive probe, respectively, during the
electrochemical tests.

CETIRIZINE QUANTIFICATION

Photocurrent was recorded at + 0.1 V vs SCE, under 395 nm LED illumination. Cycles of 3 minutes of
irradiation and darkness were used. The solution was stirred and the analyte was added during the dark
phase. DPV was recorded between + 0.2 and - 0.6 V vs SCE. The optimized conditions for the
measurements are the following: Step = 0.005 V; Modulation amplitude = 0.1 V; modulation time = 0.05
s; intervaltime =0.5s. N, bubbling was used to remove oxygen from the solution and to mix after analyte
addition and was stopped while recording DPV. EIS was recorded between 65 kHz and 0.1 Hz with a
potential amplitude of 0.01 Vgus.

Cetirizine (83881-52-1), glycerol (56-81-5), paracetamol (103-90-2), diclofenac (15307-79-6), MgS0O.
(7487-88-9) and KsPO. (7778-53-2) purchased at Sigma-Aldrich, as received, were tested as analytes.

10.9 Data analysis
Data processing was performed mainly using OriginPro and Microsoft Excel.

Graphs presented throughout the thesis were plotted using OriginPro.

Particle size analysis was performed manually using Imagel) Software.
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11 Glossary

CA

CIp

C1z

cv

DEN

DPV

EC

EDX

EIS

FTO

LED

LSPR

NPs

PEC

SCE

SEM

SPH

XRD

Chronoamperometry

Ciprofloxacin

Cetirizine

Cyclic Voltammetry

Dendrites

Differential Pulse Voltammetry
Electrochemical

Energy-Dispersive X-ray
Electrochemical Impedance Spectroscopy
Fluorine Doped Tin Oxide

Light Emitting Diodes

Localized Surface Plasmon Resonance
Nanoparticles

Photo-electrochemical

Saturated Calomel Electrodes
Scanning Electron Microscopy
Spheres

X-Ray Diffraction
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