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Abstract

The present PhD thesis deals with the synthesis, characterisation and properties of advanced
inorganic and hybrid inorganic/organic nanostructures for applications in the environmental and
energy fields.

Specifically, we synthesized a MoS»/C composite using a novel and straightforward method
designed to harness the unique electronic properties of both 1T and 2H phases of MoS:, coupled
with the electronic properties of graphitic carbon. This composite was exploited for the
electrochemical detection of nitrites in real aqueous solutions.

Furthermore, we synthesized some electrochromic and conductive Os(II) polypyridyl films on
fluorine-doped tin oxide substrates, capable of Cr(VI) smart detection.

Additionally, I pursued a green and innovative synthesis of copper nanoclusters for the optical
detection of Hg?" ions in laboratory aqueous solutions and seawater.

Finally, within the field of renewable energy technologies, we explored an innovative system
which combines 4H-SiC with 5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine for sustainable
photocatalytic hydrogen production.

Overall, our research finds application in the field of environmental sensing through the strategic
synthesis of hybrid nanostructures, combining the distinct advantages of inorganic components to
create robust, sensitive, and versatile detection platforms for pollutants. In addition, we also
explored the potential of nanotechnology in addressing pressing energy challenges through

innovative, practical, and more scalable solutions.
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SPCE - Screen-Printed Carbon Electrode

SPM - Scanning Probe Microscopy
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Introduction

Nowadays, environmental pollution is a great global concern for the short and long-term impacts
that have not been yet fully understood."? It has two main driving factors: (i) activities such as
urbanization, industrialization, intense agriculture and farming introduce both physical and
biological contaminants to the environment;? (ii) moreover, the rate at which these contaminants
are introduced is faster than the natural ability to absorb and neutralise them.* The accumulation of
these pollutants poses a threat to all forms of life, including humans, whose health is at risk.’

Pollution is a multi-faceted issue that involves a large group of contaminants affecting air,° soil,’
and water®. Particulate matter (PM».s and PM o), nitrogen oxides (NOx), sulphur oxides (SOx), and
carbon monoxide (CO) are some of the most common air contaminants generated from
anthropogenic activities.” On the other hand, heavy metals (e.g. Pb, Cd, Hg, Cr, etc), nitrites,
nitrates, pesticides, dyes and pharmaceuticals are common soil and water contaminants also because
of their bioaccumulation in both environment and human body.!®!? In addition, it is crucial to
consider that pollution is not a liner process, but rather a cyclical phenomenon due to the complex
environmental equilibria and water cycle (Figure 1), thus meaning that contaminants can transfer
from one medium to another, thus perpetuating a loop of environmental degradation. To address the
complexity of environmental pollution, an integrated approach for monitoring, regulation, and

remediation is crucial.'?
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Figure 1. Water cycle

Figure 2 shows one example of such an integrated approach that is represented by the
establishment of Emission Control Areas (ECAs) by the International Maritime Organization
(IMO). The North Sea, Baltic Sea, North American coasts, and United States Caribbean Sea have
already been designated as ECAs maritime regions where strict regulations are enforced to limit
harmful emissions from ships, particularly sulphur oxides (SOx, the limit for fuel’s sulphur content
is set to 0.5% (w/w), nitrogen oxides (NOx), and particulate matter (PM). Recently, also the
Mediterranean Sea has been proposed as an ECA, specifically SECA (SOx Emission Control

Area).!415
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Figure 2. The four existing Emission Control Areas and the new-born MEDSECA.

Nevertheless, it is essential to recognize that the effective managing of environmental pollution
requires a synergistic approach that combines the implementation of stricter regulations with a rapid

¢ wind,!” solar,'® geothermal'® and

transition to renewable sources that include hydropower,!
biomass®’.2!*> Among these renewable sources, H» is particularly promising thanks to its versatility
and net-zero carbon emission since it plays a key role in the technology of fuel cells for electricity
generation, transportation, and industrial processes.”* Hz can be produced from by exploiting water
electrolysis,>* biomass gasification, etc.?> Specifically, water electrolysis would be one of the most
sustainable solutions for H> production, though the energy and costs associated with this process
still are not competitive.?* To overcome these challenges and enhance H production, photocatalytic
water splitting represents a promising approach and semiconductor photocatalysts, whose bandgap

is suitable to drive both Hydrogen (HER) and Oxygen Evolution Reactions (OER), are currently

explored (Figure 3). 2
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Figure 3. Photocatalytic water splitting

To further improve the efficiency of this process, cocatalysts, such as noble metals or transition
metal compounds are often employed to decrease the activation energy of HER, thus increasing the
charge separation efficiency, and providing active sites for hydrogen generation.?’

In recent years, silicon carbide (SiC) has been recognized as an advanced and versatile material,
whose wide bandgap makes it suitable for photocatalytic applications, including HER.?*30

In order to enhance its efficiency, SiC can be modified with light-harvesting molecules, and we
exploited for the first time a SiC/porphyrin hybrid system. Porphyrins are macrocyclic compounds
that strongly absorb in the visible range and show excellent electron transfer capabilities.®!
Integrating porphyrins with SiC should enhance the photocatalytic activity by broadening the light
absorption spectrum, improving charge separation, and facilitating electron transfer, thereby
significantly increasing HER performance.’>33

In such a complex scenario, the implementation of innovative and advanced materials is
increasingly essential for the effective environmental monitoring and sustainable energy solutions.

Nanomaterials have revolutionized these fields by providing unprecedented opportunities for

detecting pollutants and enhancing the efficiency of clean energy production.’*** They represent a
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class of advanced materials with at least one dimension at the nanometric scale, ranging from 1 to
100 nm.*® Nanomaterials can be synthesized using two main approaches: top-down and bottom-up.
Top-down methods aim on reducing the size of larger particles to nanoscale dimensions, employing
techniques such as ball milling, etching, mechanical alloying, and lithography.?” On the other hand,
bottom-up methods build nanomaterials from molecules or atoms, utilizing processes like self-
assembly, sol-gel, electron or ion beam techniques, metal-organic or chemical vapor deposition
(MOCVD/CVD) and solvothermal synthesis.*® Specifically, a solvothermal synthesis can be
defined as a process which takes place in a closed-reaction vessel at higher pressures and
temperatures.® It can be conducted heterogeneously or homogeneously, in subcritical or
supercritical conditions. Moreover, the used solvent plays a key role to determine the final size and
morphology of nanostructures.*® Within the bottom-up and top-down approaches, the former
strategy resulted to be more versatile in producing nanostructures that are built starting from
molecules and porphyrins and some transition metal complexes (TMCs) exhibit outstanding
diversities suitable for applications that fall within the scope of the present thesis.*!*?

For instance, polypyridyl ones [Os(bpy):]**, are particularly favoured in sensing and catalysis
due to their extensive redox versatility. Osmium can access multiple oxidation states, with
exceptional electron transfer properties, which are critical for catalytic and sensing applications.*’
The ability of osmium polypyridyl complexes to undergo rapid and reversible electron transfer
makes them ideal for electrochemical sensors.**

The bottom-up approach has also been used to synthesize two-dimensional (2D) nanomaterials
as the transition metal dichalcogenides (TMDCs, including MoS., WS:, WSe:, and MoSe:), that
consist of a transition metal sandwiched between two chalcogen atoms (S, Se, or Te). These
materials exhibit diverse electronic properties depending on their phase (e.g., semiconducting 2H
and metallic 1T phases), which influence their electronic structure and behaviour.** For instance,
MoS:, one of the most extensively studied TMDCs, possesses different semiconducting or metallic

phases particularly effective for sensing applications.*%*’



Nanoclusters, comprising metals like copper (Cu), gold (Au), and silver (Ag) etc., are a special
class of nanoscale materials made up of a few to several hundred atoms, and measuring less than 5
nanometres in diameter. These clusters bridge the gap between individual atoms and larger
nanoparticles,* thus exhibiting unique properties due to their quantum confinement effect which
gives rise to novel optical, electronic, and catalytic properties, making metallic nanoclusters (NCs)
highly attractive for applications in catalysis, sensing, bioimaging, and electronics.*>? Recent
results on some Cu NCs evidenced their exceptional temporal and thermal stability in water.>® The
surface stabilizing ligands not only protect Cu NCs from oxidation, but also play a critical role in
tuning their electronic and optical properties.*3

To conclude, affording and managing the complexity of the environmental pollution and energy
demand is still challenging and for this reason an integrated approach, which combines innovative
materials, advanced sensing technologies, and renewable energy solutions is necessary. The
development and application of functional nanomaterials, such as nanoclusters, transition metal
complexes, two-dimensional materials like TMDCs, and modified semiconductors, hold significant
promise in this regard. These materials not only enhance the detection and remediation of

environmental pollutants but also contribute to the efficient production of clean energy.
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Chapter 1

1.1 MoS2/C composite for electrochemical detection of NO2™ ions

MoS: is one of the most studied TMD thanks to its unique properties, which mainly derive from
the combination of covalent bonding between adjacent Mo-S atoms and van der Waals interactions
among different layers,>* thus allowing the possibility to obtain ultrathin layers or monolayer.>*> MoS;
shows different phases, being the most interesting the 1T (metallic) and the 2H (semiconductor).
Such a nomenclature describes the numbers of layers per unit cell and the lattice system (Figure

l).56’57

Figure 1. left) 2H and right) 1T-MoS>

In its bulk state, 2H-MoS: is a semiconductor with an indirect bandgap of about 1.2 eV, but when
reduced to a monolayer, it shows a direct bandgap of around 1.8 eV.’® This property makes it
valuable for various uses such as hydrogen evolution,>® pollutant degradation,®® energy storage, !
and biosensing®. However, a limitation of 2H-MoS: is that its catalytic activity is confined mainly
to the edges, as the basal planes are mostly inert.%> 1T-MoS:, on the other hand, is a less stable but
highly conductive and is usually synthesized through ion intercalation or chemical exfoliation

starting from 2H-MoS,.54 ¢



MoS; has been extensively synthesised by CVD and techniques,®’-%® which are can allow to
obtain single crystals or few layers using different substrates. Nevertheless, CVD processes can be
affected by some drawback.®"!

For our MoS; synthesis we tried both MOCVD and solid-state reactions using MoOz(acac). but
largely obtained MoOs, whose composition was confirmed by X-ray Photoelectron Spectroscopy
(XPS) and X-Ray Diffraction (XRD) analyses. Such a result was attributed to the high oxygen
content in the MoO2(acac)2 precursor. Therefore, we decided to perform a solvothermal synthesis
that allowed us to obtain nanostructured MoS>/C composites with unique electronic properties,
that proved to be suitable for sensing applications, in our case for NO, detection (vide infra).”>74

Concerning solvothermal synthesis of MoSy, literature evidence shows that the modification of
reaction’s temperature gives rise to different crystallinity degree and structures, with a great variety
of morphology (nanorods, nanosheets, nanospheres etc).”> Another key factor in our synthetic
method was the choice of N-Methyl-2-pyrrolidone (NMP), as solvent whose surface tension value
of 40 mJ/m? matches the surface energy estimated for few-layered MoS; (46.5 mJ/m?).”* NMP is
often used to exfoliate layered synthesised materials by ultrasonication, and stabilize the produced
thin sheets. However, such procedure may induce undesired oxidation processes and therefore the

formation of sulphur vacancies.”’

1.2 Synthesis and experimental details of MoS2/C composite

All chemicals were of reagent grade and used without further purification:
bis(acetylacetonato)dioxomolybdenum, MoO:z(acac)., Sigma Aldrich, purity >99%;
sublimed sulphur, S, Sigma Aldrich; NMP, Sigma Aldrich, purity > 99,0%. Nanostructured
MoS,/C composites were synthesised by a novel synthetic procedure consisting of a solvothermal
reaction of MoOz(acac). with S. In particular, 1,0770 g (0.0033 mol) of MoO2(acac). and 0.2990
g (0.0093 mol) of S were dissolved in 60 mL of NMP with two drops of water. Then the mixture

was stirred for 30 minutes and afterwards transferred in a 100 mL Teflon-lined stainless-steel
9



autoclave and heated up to 200 °C for 24h.”> Next, the autoclave was left to cool down at room
temperature and a black precipitate collected and washed with ethanol and water through
centrifugation steps (14000 rpm). The obtained product was then dried in a vacuum oven at 60°C
for 24h.

XPS, XRD and Raman were performed as already reported in the Appendix. Electrochemical
measurements for MoS,/C were performed in a 0.1 M phosphate buffered saline (PBS) solution at
pH 7.4. Cyclic Voltammetry (CV) tests were performed at a scan rate of 50 mV/s in the -0.3 - 0.6
V potential range, using a 10 mM potassium ferricyanide (Ks[Fe(CN)s]) and 0.1 M KCI standard
solutions. LSV tests were conducted using a 0.1 M PBS solution, at a scan rate of 50 mV/s, ina 0 -
1V potential range, to detect 0-1000 M NaNO- concentrations, with steps of 10 uM. DPV tests
(analyte nitrite) were conducted using a potential step (Estep) 0f 0.03 V, a potential pulse (Epuis ) of
0.09 V and a time pulse (Tpu) of 200 ms with a scan rate of 40 mV/s. EIS tests were conducted
using a 10 mM potassium ferricyanide (Ks[Fe(CN)e]) and 0.1 M KCI standard solutions in the 0.1
- 105 Hz frequency range, amplitude 5 mV, applied potential 0.25 V. Measurements were made
using Screen-Printed Carbon Electrode (SPCE) from the Methrom DropSens company, and SPCE
modified with MoS,. The sensor sensitivity was always calculated as the ratio between the slope of
the calibration line and the geometric surface area of the electrode (0.125 c¢cm?). The Limit of
Detection (LOD) was calculated by making the ratio between the intercept value and the slope of
the calibration line multiplied by 3.3.7® In order to assess the ability of MoS,/SPCE sensor to detect
the NO2 anion in a real water sample, we performed the DPV analyses on a commercial bottled
water (Fontenoce, whose legal physico-chemical analysis reported the total absence of nitrite anion)
before and after the addition of 1, 2 and 20 uM of nitrite anion, respectively. The MoS2/SPCE

always revealed to be reversible by simply washing in deionized water.
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1.3 Results and discussion

A possible reaction mechanism for the MoS, formation involves a redox process, in which

Mo(VI) was reduced to Mo(IV), while S was involved in a disproportion reaction:

I. 280+ 4e — 2S8%
. S%— S8* + Ge-

. Mof" +2e- >Mo*

That is: 3S°+ Mo®* — MoS, +S°%*

Overall reaction:

NMP
M + H,0——— M + +2H
00 (acac) +3S +H,0 500°C oS (s) SOsT acac

The amorphous carbon was produced by the combustion of Hacac in our experimental
conditions. Moreover, since the reaction temperature was set to 200°C, which is close but lower
than the NMP boiling point (202°C), the pressure in the vessel was governed by both the vapour
pressure of solvent and the partial pressure of the formed SO3 (see the above overall reaction).

Figure 2 presents the comprehensive Raman spectrum of the MoS»/C composite, in the 100 -

1800 cm™ range and Figure 3 provides an expanded scale in the 100 - 500 cm range.

11



330

I

300 |150 em™ p
- 198,214,239 cm-1 D30 M
S 250
fy
% .
g 2001

150

100

300 600 900 1200 1500 1800
Raman shift (cm™)

Figure 2. Raman spectrum of MoS/C composite in the 100 - 1800 cm™ range.
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Figure 3. Expanded scale in the 100-500 cm™ range.

The peaks observed at 150, 239, 285, and 337 cm™ correspond to the characteristic Ji, J2, E1g,

and Js vibrational modes, respectively, which were indicative of the 1T-phase of Mo0S,.” On the
12



other hand, the peaks at 376 cm™ and 405 cm™ correspond to the E2g and Aaq vibrational modes of
the 2H-phase of MoS, respectively.?’ Specifically, the E',q mode is associated with the in-plane
vibration of Mo and S atoms, while the Ay mode results from the out-of-plane vibration of S
atoms.®! In addition, the peaks at 113 and 125 cm™ correspond to the Big and Bzg vibrational modes
associated with some MoOQs, as well as the peaks at 660, 820, 964 and 993 cm™.7#2 The vibrational
modes at 1378 and 1562 cm™ correspond to the D and G bands of carbon.® Therefore, Raman data
confirm the presence of a composite material consisting in carbon and MoS; 1T and 2H mixed
phases.

XPS was performed on the as-synthesised MoS; to achieve important information on its
electronic structure. Figure 4 shows the XP spectrum of Mo 3d and S 2s states. Three experimental
peaks were evident at 226.5, 229.1 and 232.3 eV. A careful deconvolution of the experimental XP
spectrum revealed the presence of a band at 226.5 eV due to the S 2s states. Six following Gaussians,
corresponding to three Mo 3d doublets (Mo 3dsz,32 Spin—orbit components) were obtained at 229.0-
232.2 eV, consistent with the Mo** states of the 1T MoS; (39 % of the overall Mo content), at 230.1-
233.3 eV, consistent with the Mo** states of the 2H MoS; phases (56 % of the overall Mo content),
and at 232.2-235.2 eV, consistent with a few Mo®*, due to the presence of some sizeable (~ 5% with
respect to the total Mo content) MoO3.33-86 These overall data agree well with the pertinent literature

regarding the nanostructured MoS,.8’
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Figure 4. Al-Ka excited XPS of MoS: in the Mo 3dsp32 - S 2s binding energy region. The
olive, cyan and wine lines refer to 229.0-232.2, 230.1-233.3, 232.2-235.2 eV components of Mo 3d
states, while the purple line indicates the S 2s signal at 226.5 eV. The blue line refers to the
background and the red line superimposed to the experimental black profile refers to the sum of all

components.
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Figure 5. Al-Ka excited XPS of MoS; in the S 2ps2,1/2 binding energy region. The purple and
the pink lines refer to the 162.0-163.2 and 163.5-164.7 eV components of S 2p states. The blue line
refers to the background and the red line superimposed to the experimental black profile refers to
the sum of all components.
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Figure 5 shows the XP spectrum of the S 2p states. The spectrum revealed two evident peaks at
162.1, 162.9 and an additional high binding energy shoulder and 164.4 eV. Once more, a careful
fitting of the spectrum profile disclosed the superimposition of two S 2p3s,12 doublets at 162.0-
163.2 and 163.5-164.7 eV (1.2 eV spin-orbit coupling), whose single doublet components were
overlapped. According to already reported results, the lower binding energy doublet refers to both
terminal S;?” and S% basal plane ions, while the higher binding energy doublet is due to apical S*

and bridging S;% ions.’%

(10 0)

(10 2)

(10 1)

10 20 30 40 50 60
20 (degrees)

Figure 6. XRD pattern of the synthesised MoSz. The superimposed blue lines represent the
position of the most intense reflections expected for the hexagonal MoS; phase (PDF Card No: 065-
0160).

Figure 6 shows the XRD pattern of nanostructured MoSz. As it can be seen, apart from a broad
band covering the whole 30-60 26 range, no well-defined peaks were evident throughout the whole
20 investigated range. Nevertheless, this result is in strong agreement with already reported

literature XRD data for similar nanosized, destacked MoS, materials.”®%°!
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The electrochemical properties of the synthesized MoS> composite evidenced a band gap of 1.67
eV, estimated from the difference between LUMO (-4.077 eV) and HOMO (-5.757 eV) energy
levels.”> The HOMO — LUMO levels were calculated from oxidation and reduction onset observed

from the cyclic voltammogram shown in Figure 7, using the Equations (1) and (2):

HOMO = —[ Eonsetox + 4.637eV] (1)

LUMO = —[Eonsetred + 4.637 V] (2)
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Figure 7. Cyclic voltammogram versus Ag/AgCI reference electrode of the synthesized MoS>
composite. AV of the Standard Hydrogen Electrode (SHE) vs. vacuum = 4.440 V; AV of the
Ag/AgCl vs. SHE =0.197 V; AV of the Ag/AgCI vs. vacuum = 4.637 V.

The electrochemical behaviours of the SPCE and MoS,/SPCE sensors were studied by CV at a

scan rate of 50 mV/s (Figure 8).
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Figure 8. Electrochemical behaviour in 0.1 M PBS at a scan rate of 50 mV/s of the SPCE (black
line), MoS2/SPCE (red line), in the 0.0 — 1.0 V potential window.

The modified MoS2/SPCE sensor shows a CV cycle larger than that of the SPCE sensor, which
can be attributed to a larger surface area present on this electrode.”® The CV (Figure 9) conducted
in the presence of the reversible redox standard probe Kz[Fe(CN)s] shows more intense anodic and
cathodic peak currents for the MoS2/SPCE sensor than those observed for the SPCE, thus
demonstrating a better sensitivity, with a fully reversible trend. Furthermore, the difference between
the anodic and cathodic peaks shows a significant decrease in the volatile potential, ranging from
291 mV for the bare SPCE to 148 mV for MoS2/SPCE. This trend shows a better ability of the
modified sensor to transfer charges, thus favouring the redox reaction and confirms that the MoS>

modified electrode shows improved electrochemical capabilities.**
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Figure 9. Cyclic voltammogram of SPCE (black line), MoS2/SPCE (red line) in the presence of
10 mM K3[Fe(CN)e] and at a 50 mV/s scan rate, in the -0.3 — 0.6 V potential window.

The EIS analysis ( Figure 10 with the equivalent circuit in the inset) for the MoS,/SPCE sensor
shows an almost linear behaviour of the Resistance (real part of impedance) vs. the Reactance
(imaginary part of impedance) thus highlighting the good electron transfer properties of the
MoS2/SPCE sensor and a mechanism governed by the diffusion.®**> Such a behaviour was
confirmed by the CV conducted at different scan rates (from 25 to 400 mV/s) (Figure 11a).
Specifically, the anodic peak current increases linearly with the square root of the scan rate (Figure

11b), thus confirming that the electrochemical redox reaction is controlled by a diffusion process.”*
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Figure 10. EIS of SPCE (black squares) and MoS2/SPCE (red dots); inset: EIS equivalent circuit.

400~
3504 (b
a (b) ‘
300
200
—
< < 2501
3 1004 2
~— = -
5 01 £ 200
g £
= a - 4
3 -100 O 150
-200 100 -
-300 - 50 =
‘400 T T T T T 1 L ! J L 4 ¥
04 02 00 02 04 06 08 1.0 3,5 7,0 10,5 140 17,5 21,0
" 12 12
Potential (V) Scan rate ' (mV/s)

Figure 11. a) Cyclic voltammogram of MoS2/SPCE in the presence of 10 mM Kz[Fe(CNyg] at
different scan rates from 25 to 400 mV/s in 0.1 M PBS (pH 7.4), b) Plot of Ip vs v/,
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Preliminary electroanalytical analyses were conducted on the MoS,/SPCE sensor to assess its
ability to detect the nitrite (NO2") anion. Figure 12a shows the LSV response upon a 200 uM nitrite
anion in 0.1 M PBS. The MoS2/SPCE sensor has an ability better than that of the bare SPCE to
detect this analyte, with the current peak intensity value (Ip) being more than twice as high for

MoS,/SPCE than for the SPCE (Figure 12b).

“ @ ") (b)

Current (nA)
ACurrent (uA)
=)

0,0 0,2 0,4 0,6 0,8 1,0
Potential (V)

SPCE MoS2/SPCE

Figure 12. a) Electrochemical behavior (0 - 1 V potential range) in PBS of SPCE (black dotted
line) and MoS,/SPCE (red dotted line) and in the presence of 200 uM of NaNO. of SPCE (black
solid line) and MoS2SPCE (red solid line); b) Comparison between SPCE and MoS,/SPCE
response to the presence of 200 uM of NaNO:..

Given the modified sensor's improved ability to catalyze the nitrite oxidation reaction, we
investigated the ability of MoS2/SPCE to detect different concentrations of nitrite ions through LSV
and DPV analyses. The experimental LSV results, reported in Figure 13a, show that the current
increases upon the increase of the nitrite ion concentration (in the 0 - 1000 uM range, steps of 10
uM) thus highlighting the excellent ability of MoS./SPCE to detect different NO>™ concentrations

(LOD = 2 uM; the calibration curve is shown in Figure 13b).
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Figure 13. LSV of MoS,/SPCE at different nitrite concentrations (0 - 1000 pM, step 10 uM) in
the presence of 0.1 M PBS (pH 7.4) at a scan rate of 50 mV/s. Graph of the anodic peak current
(Ipa) versus NO2 concentration. The Ipa values were obtained from LSV performed with
MoS2/SPCE for solutions at different concentrations of NaNOx.

To detect lower NO2™ concentrations, we performed DPV measurements at increasing NO2’
concentrations, with 1 uM step for the first 5 measurements (Figure 14a). Figure 14b reports the
calibration curve for the MoS,/SPCE sensor that exhibits excellent responsiveness to nitrite
concentrations showing a sensitivity of 4.993 pA uM™ cm and a calculated LOD of 0.185 puM. In
this context, it is useful to remind that the World Health Organization (WHO) states that the nitrite
anion concentration in drinking water must be lower than 0.2 mg/L (4.3 uM) while we demonstrated

to be able to detect much lower concentrations.”®

21



ACurrent (uA)

100 b
i e
80 80 P
—_ /_,,,nﬁ
< P o
A 3 60 2
60 \: }/’
5 ./K 14
2 401 o
40 4 SS {’J/ 2 {
s
204 ‘ﬁx‘g ; %
201 a 4 U’
1 0 /#’/
0 T v T T T T T 1 T T T T - T - T 'l'
0,0 0,2 0.4 0,6 0,8 1,0 0 200 400 600 800 1000 1200
Potential (V) [NO3] (uM)

Figure 14. a) DPV at different nitrite concentrations (0 - 1100 uM, step 1 uM) in 0.1 M PBS
(pH 7.4); b) Calibration curve for anodic peak current (Ipa) versus nitrite concentration (SD < 1.17

for 5 repeated whole cycles). Inset: expanded scale in the 0 - 50 uM of NaNO:..

Concerning the sensing mechanism for nitrite anion by MoS, it has been reported that some
Mo®*, obtained upon applying a potential of about 1V, may be responsible of the following
reaction®’:

Mo®f* + NO2" + H20 = Mo** + NOs™ + 2H*

In this context, we already detected some MoOs (Mo®*) in our as-synthesized composite (see
above Raman and XPS data) and, therefore, the catalytic activity of our material was intrinsically
owned.

The repeatability of the MoS,/SPCE sensing ability towards NO2"was studied by replicating five
times the analyses at a concentration of 20 uM (Figure 15) and the calculated standard deviation

was 0.78.
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Figure 15. Repeatability of the performance of MoS,/SPCE at 20 mM of NaNO: (SD = 0.78 pA for
5 repeated whole cycles).
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Figure 16. a) DPV analyses for the determination of 1 (dark cyan), 2 (dark yellow), 20
(magenta) uM of NaNO>, added to the Fontenoce real sample (black line); b) DPV analyses for the
detection of 5, 10 and 20 uM of NaNO: at t = 0 (black squares) and at t = 6 months (red dots).

To assess the ability of MoS2/SPCE sensor to detect the nitrite anion in real samples, we

performed the DPV measurements on a commercial nitrite-free bottled water, before and after the

addition of 1, 2 and 20 uM of NO" (Figure 16a). The calculated recoveries ranged between 99.3%
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and 104.4% (Table 1). Such results demonstrate that the MoS,/SPCE sensor selectively detects the
nitrite anion even in the presence of other potential interfering species (those legally stated by the
Fontenoce factory: CI-, Ca?" Mg?*, K*, SO+%, F, SiO,, HCO3, Na*, NOs ). *7 Furthermore, the
MoS2/SPCE sensor demonstrates good temporal stability, not less than six months from its first use

(Figure 16b).

Table. 1. Determination of NO2™ ions added to a commercial bottled water sample (Fontenoce)

Sensor [NO2T (uM) ACurrent Recovery (%)
(LA)

MoS,/SPCE 1in0.1 M PBS 1.47 -—

2in 0.1 M PBS 2.56

20in 0.1 M PBS 5.54
MoS,/SPCE 1 in bottled water 1.46 99.32

2 in bottled water 2.67 104.42

20 in bottled water 5.57 100.54

A deep investigation on the nitrite sensing revealed that electrochemical methods play a
dominant role for nitrite sensing in water as well as in food samples.?>33-% In addition, also optical
detection methods proved to be well-suited for the recognition of the nitrite anion in aqueous and
food media, with some examples of explosive detection.!'®"13% Also, some results on the catalytic
and electrocatalytic nitrite determination in aqueous solution as well as for biomedical applications
have been reported.'*!1*2 Likewise, a capillary electrophoresis assays for nitrite determination in an
aqueous medium has been reported with a LOD of 13.3 nM. !} Therefore, apart the last-mentioned
study, the already reported LODs for nitrite sensing seem to span a large range with values as low

as ~ 0.07 mM but often the sensing platforms required multi-step syntheses or rather complex

* Chemical and physico-chemical analyses stated for the Fontenoce bottled water: Specific
electrical conductivity measured at 20°C = 147 uS/cm, source temperature 9.3°C, pH at the source
7.69, fixed residue at 180°C = 103.4 mg/L, NO, absent, Ca?* 16.2 mg/L, Mg?* 5.9 mg/L, Na* 7.2
mg/L, K* 1.6 mg/L, HCOs 75.3 mg/L, SO4* 8.9 mg/L, CI" 6.9 mg/L, NOs 1.7 mg/L, F 0.13 mg/L,
SiO2 16.9 mg/L.
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apparatuses than the one we reported. It emerges that the LOD value obtained with our rather simple

sensor is within the best already reported data.

1.4 Conclusions

MoS: is a promising material with applications across various fields, although, its synthesis
conditions significantly influence the quality and properties of the resulting material. Taking this into
account, we developed a nanostructured MoS>/C composite material with a distinct and optimized
composition, making it highly suitable for sensing applications. Furthermore, we suggested a
synthesis mechanism for the composite formation and a catalytic mechanism for nitrite detection. The
MoS./SPCE sensor demonstrated high sensitivity to nitrite concentrations, exhibiting a sensitivity of
4,993 pA uM ' cm2 and a LOD of 0.185 puM. The sensor is selective and can simply be restored by
rinsing in distilled water. This overall performance is comparable to or even surpasses that of other
previously reported nitrite sensors.

Recently, some researchers have reported on the exceptional optical properties of some copper
nanocluster embedded in MoS> quantum dots. In particular, this system already proved to show
special fluorescence characteristics suitable for rapid responsiveness and high sensitivity in the
sensing field.!** In addition, MoS; with encapsulated copper nanoparticles were explored as hydrogen
evolution catalysts.!* For this reason, we embarked on a study based on a novel synthesis,
characterisation and properties investigation of some copper nanocluster for the above-mentioned

possible applications.
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Chapter 2

2.1 Copper Nanoclusters: Synthesis, Challenges and Role of
Capping Agents

One of the past decade’s challenges in nanocluster research was the development of reliable
synthetic methods that can consistently produce nanoclusters with precise control over their size,
structure, shape, and composition.'*¢ Recently, atomically precise metal nanoclusters have reached
a diameter of 1 nm,> placing them between the atomic regime and plasmonic nanoparticles.'*” As
their size approaches the Fermi wavelength of metals (typically below 1 nm, Figure 1), these
clusters exhibit quantum size effects, leading to molecular-like behaviours such as discrete HOMO-
LUMO gaps, intense luminescence, unusual redox properties, chirality, and intrinsic magnetism.!3*
Unlike metal Nanoparticles, where free electrons collectively oscillate in response to an electric
field, MNCs display distinct absorption bands and a strong PL due to their quantized energy
levels.!39:140

Most research efforts have focused on noble metal nanoclusters, particularly those of Au and
Ag, due to their chemical stability and straightforward synthetic methods.'*!'*> However, Cu is
significantly cheaper than gold and silver and owns high conductivity properties. Moreover, the
precursors for Cu NCs are more abundant, inexpensive, and readily available from commercial
sources compared to those used for Au and Ag NCs. This makes Cu NCs a more cost-effective and

attractive option for a wide range of applications. 4144
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Figure 1. Atomic and nanocluster scale differences in geometric and electronic structures.

However, the synthesis of Cu NCs remains a challenge due to their high susceptibility to
oxidation and the difficulties associated with producing clusters at the nanometers scale.!'*’

Early methods involved the use of polymeric dendrimers as scaffolds and sodium borohydride
as a reducing agent to form Cu NCs;'* microemulsion techniques, instead, allowed the control of
clusters size by adjusting the reducing agent concentration;'*’ electrochemical synthesis of Cu NCs
stabilized with tetrabutylammonium nitrate!*® and a microwave-assisted polyol method without
additional agents.'* DNA templates, both double-stranded and single-stranded, facilitated the
formation of fluorescent Cu NCs, with specific DNA sequences enabling controlled cluster
growth.'>%-152 Among green synthesis approaches, noteworthy is the use of Curcuma root extract or
proteins like bovine serum albumin (BSA) that provided eco-friendly routes to highly fluorescent
Cu NCs.'* Additionally, small organic ligands, peptides, and polymers like polyethylenimine (PEI)
and 2,3-dialdehyde cellulose (DAC) were employed to stabilize Cu NCs, enhancing their quantum
yields and usability in applications like heavy metal ion detection, including Hg?* ions.!>*!3> Among

the various synthetic methods, the photochemical approach offers both the advantage of being free
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of additional reagents and a precise control over the process. Moreover, the rational choice of the
metal precursor can be exploited to optimize size, shape, and quantity of the resulting
nanostructures. There have been a few reports of photochemical reactions for producing Cu NCs
using ethanol or water as solvents.!>%!>7 The use of water as a solvent would reduce not only the
environmental impact but also the use of hazardous reagents. Furthermore, it facilitates the
incorporation of Cu NCs in aqueous media, broadening their applications in fields such as
biomedicine, environmental science, and catalysis.

To this end, we decided to synthesise Cu NCs using water as solvent. Before optimizing the
choice of the capping agent, we explored various options, including y-aminobutyric acid (GABA),
taurine, chitosan, 3-mercaptopropionic acid, agarose, and monoethanolamine (MEA). Among
these, MEA proved to be the most effective capping and stabilizing agent, providing the best results
in terms of stability and performance. Moreover, thanks to their stability in aqueous environment,

we used the as-synthesised Cu NCs as probes for optical Hg?*detection.'®

2.2 Synthesis and experimental details of Cu NCs

High-grade copper(ll) acetylacetonate, Cu(acac)., purity = 99.9%; MEA, water and acetone for
spectrophotometric use were purchased from Sigma Aldrich. The MX5 Microbalance Mettler
Toledo (resolution 0.8-0.9 ug) was used for weighing chemicals.

A stock solution was prepared by dissolving 4.3170 mg of Cu(acac). (molar mass = 261.76
g/mol, 1.6492 x 10° mol) in 100 mL of deionized water (1.6492 x 104 M) with continuous stirring
for 2 hours, To stabilize the synthesized Cu NCs and prior to the irradiation, a solution of 60 pL of
monoethanolamine, that worked as the capping agent, (MEA,; density = 1.02 g/mL, molar mass =
61.084 g/mol, 1.002 x 10 mol) diluted in 6 mL of water, along with 7 mL of acetone (the
photosensitizer), was added to the initial copper solution; therefore, the final concentrations of
Cu(ll) and MEA in the 113 mL total volume were 1.459 x 10 M and 8.87 x 10 M, respectively.
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This solution was then sealed in a quartz reaction tube and exposed to UV irradiation at 254 nm
using four Helios Quartz lamps (UVC power intensity of 4 W/cmz2 per lamp), under a continuous
argon flow (100 sccm/min) for 180 minutes, Figure 2. After irradiation, the solution was kept under
argon flow in darkness for an additional 50 minutes to remove gaseous byproducts. The reactor was
equipped with a fan to prevent overheating during the process. The resultant yellow solution was
concentrated to 6 mL using a rotavapor, centrifuged at 13,000 rpm for 30 minutes, filtered through
a 0.2 um filter, and then lyophilized at -20°C, resulting in an oily product.

Dynamic light scattering (DLS) measurements indicated that the dispersion of Cu NCs in water
had an average hydrodynamic diameter of approximately 60.9 + 6.7 nm at 25°C, with a Z-potential
of -10.2 £ 2.5 mV. The hydrodynamic diameter observed through DLS reflects the influence of the
water capping layer surrounding the Cu NCs, already capped with monoethanolamine, which
increases the overall particle volume. Noteworthy, the Cu NCs obtained in water were found to be
stable for several months, a stability attributed to the monoethanolamine capping layer, which not
only confines the growth of the nanoclusters to a few nanometers but also effectively encapsulates
the clusters, providing high stability. Additionally, the Cu NCs demonstrated excellent

photothermal conversion efficiency when exposed to blue light (405 nm).
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Figure 2. Photochemical synthesis steps of Cu NCs

XPS and UV-Vis measurements were recorded as reported in the Appendix. PL analyses were
performed with a Aexc = 390 nm and the photoluminescence quantum yield (®PL) of the Cu NC
dispersion in water (n = 1.33) was determined using quinine sulfate as a standard (n = 1.36, ®PL =
0.55).

Dynamic light scattering (DLS) analysis was performed using a ZetaSizer NanoZS90 (Malvern
Instruments, UK) equipped with a 633 nm laser, measuring at a 90° scattering angle and 25°C, to
determine particle size and surface charge.

For photothermal analysis, 100 uL. of Cu NC solution was irradiated in a quartz tube with a
continuous-wave (CW) laser at 405 nm, varying laser power and duration. Temperature

measurements were taken every 10 seconds during heating and cooling using a FLIR infrared
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thermal imaging camera, and the photothermal conversion efficiency (n%) was calculated using
Roper’s equation'>® (1):

n — hA (Tmax_ Tsurr)_QDis (1)

1(1-10—4)

Where Tmax (30.1 °C) and Tsurr (21.0 °C) represents the max photothermal temperature and

the ambient temperature respectively, 1 is the incident laser power (210 mW). The absorbance
(A =0.36) of Cu NCs at 405 nm. The equations (2) and (3) were introduced to calculate the
parameter hA:

6 — T—Tsurr (2)

Tmax _TS‘LLTT

MpCp

T="m O

where MD and CD are the mass (0.1 g) and heat capacity (4.2 J g%) of water respectively, and

S is the time constant, calculated by the equation (4).
t=—1(Inb) (4)

CV analyses were performed from -0.9 to +1.0 V potentials at a rate of 50 mV/s in a cell
containing 1 M KCI solution. Measurements began at negative potentials to highlight the oxidation
peak from Cu® to Cu?*. SPCE served as both working and counter electrodes, with a screen-printed
silver electrode as the reference, modified by drop-casting 10 uLL of Cu NC or Cu(acac): solutions
on the working electrode surface.

EPR spectra were recorded at X-band (9.40 GHz) using a Bruker Elexsys E500 spectrometer
with an SHQ cavity, and low-temperature measurements were made using an Oxford Instruments
ESR900 continuous flow helium cryostat, with temperature controlled by an Oxford Instrument
ITC503. The sample was measured at 40 K after pre-freezing in liquid nitrogen, with simulations

conducted using EasySpin . Magnetic properties were evaluated using a SQUID magnetometer
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(MPMS, Quantum Design), measuring the magnetic moment as a function of the field (0-5T) at 5
K, after correcting for the diamagnetic contribution of Teflon .

Scanning transmission electron microscopy (STEM) was conducted on a TALOS F200X G2
microscope (Thermo-Fisher Scientific) equipped with a high-brightness field emission gun (X-
FEG, 80-200 keV) in both TEM and STEM modes, and with four in-column SDD Super-X
detectors for energy-dispersive X-ray spectroscopy (EDXS).

The detection of Hg** was monitored by observing the PL intensity variation of Cu NCs solution
(100mL of the as synthesized Cu NCs solution diluted with 2.4 mL of deionized water), upon the
addition of 1-30 nM of Hg?*. Preliminary tests were carried out to assess the sensor’s selectivity,
specifically, Pb*", Zn?*, Co**, Cd**, Sn*", Na*, CI', NOs", SO4*", and CH4N,O were tested. We used
the addition method to carry out the measurements on real water samples, tap-water and bottled
water, respectively.'® Before each PL measurements, the solutions were stirred for 15 minutes at
room temperature.”> The LOD was calculated as 3¢ background/slope, while the limit of

quantification (LOQ) was calculated as 106 background/slope.'®!

2.3 Results and discussion

To better understand the photochemical reduction behaviour of Cu(ll) ions from copper(ll)
acetylacetonate (Cu(acac):) in water, preliminary tests were conducted using UV-Visible
spectroscopy. The UV-Vis spectrum of a 5.4966 x 10~> M Cu(acac): aqueous solution (prepared by
diluting the initial stock solution) displayed two absorption bands at 238.5 nm (¢ = 9200 M cm™)
and 292.6 nm (g = 15,860 M ! cm™), attributed to ligand-to-metal charge transfer (LMCT) and a n—
n* (HOMO-LUMO) transition of the ligand, respectively (Figure 3).!% No additional absorption
bands were detected under these conditions because the d—d transition of the Cu(II) ion has a low &

value of approximately 10 M~ cm™.
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The UV-Vis spectrum of the Cu(acac)(MEA). complex, where the NH. group of the
monoethanolamine (MEA) capping agent occupies the two free axial positions of the Cu ion, shows
a distinctive band envelope with the main absorption peak shifted from 292.6 nm to 283.4 nm due
to an enhanced ligand field effect.!®? Subsequent irradiation of this solution at 254 nm (Figure 3)
caused significant spectral changes, characterised by a dominant new band at 265.2 nm and two
additional shoulders around 315 and 380 nm. Previously reported data on similar Cu NCs revealed
bands at nearly the same positions; the 265.2 nm peak has been linked to an intraligand nN-x*
transition (noted at 260—275 nm for Cu NCs stabilized with glutathione)', the shoulder at 315 nm
corresponds to self-assembled Cu NCs (observed at 315 nm for Cu NCs stabilized with 4,6-
dimethyl-2-mercaptopyrimidine),!* and the band at 380 nm is associated with enhanced

interactions between Cu atoms and the electron-rich nitrogen atoms of MEA.
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Figure 3. The UV-Vis spectra include the following conditions: a 5.5 x 10> M Cu(acac):
aqueous solution (black line), a 5.5 x 10> M Cu(acac) solution with a 2.96 x 103 M
monoethanolamine (MEA) capping agent in water (red line), and a 5.5 X 1075 M Cu(acac): solution
with 2.96 x 102 M MEA after 180 minutes of irradiation at 254 nm followed by 50 minutes of
dwelling in the dark under a continuous argon flow (blue line). Additionally, the final solution is
shown after 24 hours post-irradiation and subsequent volume reduction to 6 mL, measured in a 0.1

cm quartz cuvette (pink line).
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The emission spectra of Cu(acac). in aqueous solution (5.5 x 105 M, black line) and Cu NCs

(red line) are shown in Figure 4.
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Figure 4. Emission spectra, Aexc = 390 nm of 5.4966 x 10°> M Cu(acac), water solution (black
line where the intensity was multiplied by 100) and final Cu NCs solution after 24 h from the end

of the irradiation and after a volume reduction to 6 mL (red line).

Specifically, in the case of Cu(acac). solution the PL intensity was multiplied by a factor of 100
due to the negligible emission observed; on the other hand, Cu NCs solution, after 24 h from the
end of irradiation, and after a volume reduction from 100 to 6 mL shows an intense emission band
at 489.9 nm with a Full Width at Half maximum (FWHM) of 100 nm and a high energy shoulder
at ~460 nm. Such an increase, is in agreement with previous reports for similar systems and is
attributed to the self-assembly of Cu NCs facilitated by coordination with the capping agent, leading
to Ligand-to-Metal Charge Transfer (LMCT) and/or Ligand-to-Metal-Metal Charge Transfer
(LMMCT) transitions.'®>1% The emission results closely align with those documented for
analogous Cu NC assemblies, which exhibit a strong emission peak centred at 490 nm with a

FWHM of 86 nm!%. The photoluminescence quantum yield (®PL) of the Cu NCs in water was

34



determined to be 0.12. Moreover, we also evaluated the stability of Cu NCs over time measuring

their PL after 7, 20, 26, and 32 days post-reaction, Figure 5.

] 7 20 26 32
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Figure 5. Luminescence emission stability of the final Cu NCs solution after 24 h from the end

| 1

1
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of irradiation and after a volume reduction to 6 mL measured after 1, 7, 20, 26, and 32 days at a lexc
= 390 nm (relative standard deviation RSD=5.13%).

We also hypothesized the reaction pathway for Cu NCs synthesis and formation (Scheme 2):

0]
E hv 254 nm (,C? L een
- - —= H 3
H,C” "CH, " H,C” “CH, sC
0 0

~C % H0 + Cu'facac)2 — Cul(acac) + Hacac + H.aC/C\OH

O
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Cul(acac) + ch,C_.‘ + B0 T ( ) HLC

.C[[; + 'Cl]; e H,C“CH;
The irradiation of the photosensitizer (acetone) at 254 nm triggers an n—* (So to T:) transition,
leading to the generation of CH3COe+ and *CHjs reactive species. The CHsCOe radical interacts with

Cu(IT)(acac): in water, producing Cu(I)(acac), acetylacetone (Hacac), and acetic acid. Subsequently,
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Cu(I)(acac) reacts with another CHsCOe radical and a water molecule, yielding Cu®, Hacac, and
additional acetic acid. The resulting Cu® atoms, in the presence of monoethanolamine, form small
clusters that are capped by monoethanolamine molecules, effectively limiting their growth and
preventing aggregation. The two *CHs species combine to form ethane. Consistent with our
proposed mechanism, experimental observations indicated that the final solution was acidic due to
the formation of acetic acid.'®’

To further validate the formation of small Cu NCs, morphological and chemical composition
analyses were performed. Scanning Transmission Electron Microscopy-High Angle Annular Dark
Field (STEM-HAADF) images (Figure 6) revealed small, spherical, polydisperse nanocrystals with
sizes ranging narrowly from 2.5 to 5 nm dispersed in aggregates of monoethanolamine. STEM-
EDXS elemental mapping confirmed the composition of the Cu NCs and indicated that Cu(Il) ions
complexed with monoethanolamine were retained even after the reduction step; notably, only the
oxygen from monoethanolamine was detected, suggesting that the Cu NCs were not affected by

oxidation processes.

Figure 6. STEM-HAADF image of Cu NCs capped with monoethanolamine and STEM-EDXS

elements distribution maps

Electrochemical characterisations of Cu NCs was carried out. Figure 7 reports the CV analysis
for the starting Cu(acac). and the Cu NCs. The surface area of Cu/SPCE was greater than that of

Cu*/SPCE due to the presence of copper nanoparticles, resulting in a broader current range for the
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corresponding CV curve.” The anodic oxidation peak (Cu®—Cu?*) appeared at -0.11 V, which is
consistent with previously reported values (-0.09 V) obtained from a closed system with a similar

167

electrode, °’ confirming the presence of Cu°. During the cathodic phase, reduction of Cu*" to Cu*

was observed at -0.33 'V, followed by the reduction of Cu* to Cu® at -0.46 V. These values closely

align with those reported (-0.37 and -0.52 V) for similar systems.!®
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Figure 7. CV of Cu(acac), water solution (5.4966 x 10° M, black line and digits) and final Cu
NCs solution after 24 h from the end of the irradiation and after a volume reduction to 6 mL (red
line and digits).

The CV data revealed an anodic peak current (Ipa) of 32.06 mA and a cathodic peak current (Ipc)
of 34.95 mA, consistent with a fully reversible redox reaction; the small current difference of 2.89
mA between Ipa and Ipc was likely due to the presence of a minor amount of Cu?*, estimated to be
less than 9% of the total copper content in the Cu NCs sample.

XPS measurements were performed to further analyze Cu NCs oxidation states and chemical
environment. In Figure 8, two distinct peaks at 932.4 and 952.4 eV were observed in the Cu 2p
binding energy region, corresponding to the Cu 2ps3» and 2pi» spin—orbit coupling, strongly

suggesting the presence of Cu® state;'%*!"0 the main peaks and/or the satellites of Cu?* were either
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absent or obscured by background noise, in accordance to the low content of Cu** species detected

by CV measurements (less than 9% of the total copper content).
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Figure 8. Al-Ka excited XPS of the Cu nanoclusters in the Cu 2p binding energy region.

Furthermore, considering the reduction potentials of various copper species in aqueous solution
(Cv**+e > Cu",E°=0.15V; Cu*+e — Cu% E°=0.52V; Cu*" +2¢ — Cu° E°=0.34 V), stable
Cu'* species are not expected in water as any oxidant strong enough to convert Cu to Cu* would also
convert Cu' to Cu?*". Moreover, Cu* ions are unstable and tend to undergo disproportionation:

2Cu* — Cu*" + Cu®% E°=0.37 k=10°

Thus, only low equilibrium concentrations of Cu(I) can exist in aqueous solution, thus supporting
our synthetic approach which effectively yields Cu® species in water. Figure 9 illustrates the high-
resolution XPS of the Cu NCs in the N 1s binding energy region, where a single symmetrical peak
at 400.2 eV corresponds to the nitrogen of the monoethanolamine capping layer that stabilizes the

nanoclusters.'!17?
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Figure 9. Al-Ka excited XPS of the Cu nanoclusters in the N 1s binding energy regions.

Figure 10 shows the XPS spectrum of the Cu NCs in the C 1s binding energy region. Detailed
deconvolution of the spectral profile revealed three Gaussian peaks at 285.7, 286.9, and 288.7 eV,
attributed to Cu—NH>-C, —-CH>—OH, and -COO~ functionalities, respectively, the latter likely due
to residual acetic acid (refer to Scheme 2).!7*!7* Figure 11 presents the high-resolution XPS of the
Cu NGCs in the O 1s binding energy region, with a prominent component at 532.0 eV, which was
due to the oxygen of the monoethanolamine capping layer that stabilizes the Cu nanoclusters while

the component at 533.1 eV was due to the oxygen of the Si/SiO; substrate.!”
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Figure 10. Al-Ka excited XPS of the Cu nanoclusters in the C 1s binding energy regions. The

blue, cyan and magenta Gaussians refer to the 285.7, 286.9 and 288.7 eV components, respectively.
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Figure 11. Al-Ka excited XPS of the Cu nanoclusters in the O 1s binding energy regions. the
wine line refers to the background and the red line superimposed to the black experimental profile
refers to the sum of the two Gaussian components, the blue and cyan Gaussians refer to the 532.0

and 533.1 eV components.
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Electron Paramagnetic Resonance (EPR) spectroscopy was conducted on both the pure oil and
the water suspension of the synthesized material at 40 K to assess the magnetic properties of the
sample, where Cu NCs are expected to be diamagnetic. Both samples exhibited a weak spectrum
(Figure 12) that was remarkably similar and characteristic of copper(Il) in an elongated coordination
geometry, with gy > g1 > ge and A, > A., where Aj represent the principal components of the

hyperfine coupling tensor associated with the I = 3/2 nuclear spin of **Cu and **Cu.

- oil

Intensity (arb. units)

260 280 300 320 340 360
Field (mT)
Figure 12. X-band (n D 9.40 GHz) EPR spectra measured at 40 K for the oil (red trace) and

water suspension (green trace) together with the best simulations (black and blue lines) .

The similarity between the spectra of the two samples, including the clearly resolved parallel
hyperfine structure, indicates that the paramagnetic centers are not clustered and can be attributed
to a minor paramagnetic impurity within an otherwise diamagnetic sample.

The best simulation of the spectra (as shown Figure 12) provided spin Hamiltonian parameters
(gx=2.044 £ 0.001, gy =2.056 £ 0.001, g,=2.234 £ 0.001; Ax=Ay =50+ 10 MHz, A, =563 £ 1
MHz), which align well with previously reported values for copper(Il) monoethanolamine
complexes.!’®!”7 To quantify the amount of the paramagnetic fraction, field-dependent
magnetization was measured at 5 K (Figure 13). When scaled to the atomic weight of copper, the
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results highlighted that the magnetic contribution was extremely weak, with a high field value much
lower than that expected for a pure S = 1/2 system. The behaviour closely aligns with what is
anticipated for a simple Brillouin system with a very low concentration of paramagnetic centres.
The fitting, performed by fixing the g value to the average determined from the EPR data (g =
2.111), estimated the paramagnetic fraction to be 7.25 £ 0.05%. In summary, the EPR and magnetic
characterisation clearly demonstrated the presence of predominantly diamagnetic nanoclusters with
a small amount (less than 10%) of copper(Il) complexes. This finding was in excellent agreement

with the above-mentioned electrochemical results.

Field (T)

Figure 13. Field-dependent magnetization of the oil sample measured at 5 K and best fit using

Brillouin function with parameters reported in the text.
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Figure 14. Photothermal experiments for Cu NCs dispersion. (a) Photothermal heating—cooling
cycles of the Cu NC nanostructure water dispersion, volume 100 mL, Abs 405nm = 0.36 in a glass
tube (insets representative thermograph during photothermal experiments in a quartz tube) and (b)

photothermal effect of the Cu NCs dispersion at different laser power.

Finally, we wanted to investigate photothermal properties Cu NCs, considering also that there
are few papers that report photothermal characteristics of Cu® nanomaterials.!”® 13 To evaluate the
photothermal properties of Cu NCs, an aqueous dispersion (100 mL, Absssim= 0.36) was
continuously irradiated with a 405 nm laser (210 mW) while the temperature changes were
monitored using a thermal camera (Figure 14a). Upon reaching the maximum temperature (AT =
Tmax - Tenvironment = 9°C), the laser was turned off, and during the cooling process, the
temperature changes were recorded to confirm the system's heat transfer characteristics. Three
representative photothermal cycles are shown, demonstrating the excellent stability of the Cu NCs
under UV (405 nm) light exposure.

The power-dependent photothermal behaviour was further validated by conducting experiments
with different laser powers of 70, 100, 150, and 210 mW, resulting in temperature differences of
approximately 3.2°C, 4.1°C, 6.5°C, and 9.12°C, respectively (Figure 14b). In contrast, when a water
dispersion of the precursor Cu(acac): was exposed to the same laser power of 210 mW, only a

minimal temperature increase was observed (black line, Figure 14b), confirming the distinct
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photothermal properties of the Cu NCs. A photothermal conversion efficiency (1) of approximately
38% and a photothermal time constant (ts) of about 110 seconds were calculated using a previously
reported method (see Figure 15).'8! These findings highlight the superior conversion efficiency of

Cu NCs compared to similar copper-based nanostructures reported in the literature.!8%183

200+
150

100

Time (s)

In(s)

Figure 15. Linear relationship between time (s) and -In(8), the slope is the time constant (zs).

According to the current regulation (DIRECTIVE (EU) 2020/2184 of the European Parliament
and of the Council of 16th December 2020 on the quality of water intended for human
consumption), Hg?" concentration in water should be below 1 pg/L (5 nM), therefore we
investigated the Cu NCs ability to detect Hg?" in the 1-30 nM range (Figure 16a and Figure 16b
with the related calibration curve), specifically, the increasing concentration of Hg* ions causes an
increasing of Cu NCs luminescence quenching, which was linear in the range between 1 and 10
nM. Moreover, we assessed the selectivity of our probe testing 30 nM of other ions, such as Zn>*,
Hg**, Co?", Sn?*, CH4N>0, Na*, CI, NOs", SO4%, Cd*" and Pb** (Figure 17). From such experiments,

it is evident that the A PL intensity is relevant only in the presence of Hg** with a 20% quenching,
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while the PL intensity remained almost unaltered upon the addition of any of the other investigated

species. The calculated LOD and LOQ for Hg?" ions are of 0.023 nM and 0.077 nM, respectively.
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Figure 16. a) PL response of Cu NCs in the absence and presence of Hg?* ions in the range of 0 to
30 nM with Aexc at 390 and Aem at 489.9; b) Related calibration curve which reports PL intensity (%)

vs [Hg?*].
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Figure 17. Selectivity tests with 30 nM of Zn?, Hg?*, Co?*, Sn**, CH4N20, Na*, CI', NOs", SO4?, Cd?*
and Pb**.
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We also attempted to study the luminescence quenching mechanism before and after the addition
of 30 nM Hg?" ions. Furthermore, to better study the interaction between Cu® and Hg>", we added
a concentration of 30 nM of S> ions. This test was carried out because the solubility product (Kps)
of HgS is very low (2x10°%) and therefore, if Hg?>" ions form a complex with the Cu NCs, the
addition of disulfide anions should induce the formation of a red precipitate of HgS, thus restoring
the luminescence of Cu NCs. However, such an effect was not observed (Figure 18) and therefore

we hypothesised that the interaction between Cu® and the Hg?>* was governed by a redox reaction:

Cu*'aq +2e — Cu(s) E=+0.34

Hg?* g +2¢ — Hg(l) E=+0.85

Overall

Cu’ + Hg** & Cu*" + Hg’

30 nM Hg?
30 nM Hg*>” +30nM %

PL Intensity (%)
& 8 &

(]
o
1

N° of measurements

Figure 18. PL study of the reaction mechanism between Cu NCs and Hg?* with the subsequent
addition of Na.S.

Real samples tests were performed for tap and bottled water, which are certified to be free of

Hg?" ions, by the chemical analyses carried out by the municipality (Catania) where the tap water
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was taken, and by the company (Fontenoce) that commercialize the bottled water we used,
respectively. The measurements were carried out using concentrations between 1 and 6 nM of Hg?".
As shown in Figure 19, the calibration curves for real water samples resulted comparable to those
obtained under standard conditions (deionized water), showing an even higher linearity for the
bottled water sample and a RSD less than 2.5%, hence demonstrating both the excellent ability of
the Cu NCs to detect very low concentrations of Hg?* ions as well as its excellent selectivity with

respect to all interfering species typical of real samples.
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Figure 19.Calibration curves related to PL measurements for Hg?* ions detection (1-6 nM) in
deionized, tap and bottled water, respectively.

As reported in Table 1, the calculated recovery was between 99.2 and 103.1% for concentrations
of 1 and 6 nM. Furthermore, by comparing our findings with some other works in which PL
properties of inorganic materials were exploited for the detection of Hg”* ions, we can state that

our sensing material ranks among the best ones.!>%!84-1%
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Table 1. Comparison of the Cu NCs probe response to Hg?>" in deionized water, tap water and

bottled water.
Probes Hg**(nM) DI (%) Recovery
(%)
Cu NCs/deionized 1 96.3
water 2 93.8
4 91.8
6 89.5
Cu NCs/tap water 1 96.5 100.2
2 94.3 100.5
4 91.6 99.8
6 90.1 100.7
Cu NCs/bottled water 1 98.6 102.4
2 96.7 103.1
4 93.5 101.9
6 89.8 100.3

2.4 Conclusions

With the aim of pursuit sustainable and environmentally friendly approaches to nanomaterial
synthesis, we developed a green photochemical method to synthesize Cu NCs capped with
monoethanolamine in water. These Cu NCs were characterised through morphological, optical,
electrical, electronic, and magnetic measurements. Both XPS analysis and the presence of the
anodic oxidation peak (Cu’—Cu?' at -0.11 V) confirmed the oxidation state of Cu® in the
synthesized material. EPR and magnetic characterisations, in accordance with electrochemical data,
indicated the persistence of some residual paramagnetic Cu?" ions. STEM-EDXS elemental
mapping showed that only the oxygen from monoethanolamine was detected, suggesting that no
oxidation of the Cu NCs occurred. The presence of Cu?* ions likely stems from the incomplete
photochemical reduction of the starting Cu(acac). precursor, potentially due to the formation of a

minor fraction of copper(ll) monoethanolamine complex before the reduction was fully completed.
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Moreover, the monoethanolamine-capped Cu NCs demonstrated stability over several months.
We observed a strong blue emission (460-490 nm) attributed to ligand-to-metal charge transfer
(LMCT) and ligand-to-metal-metal charge transfer (LMMCT) transitions within self-assembled Cu
NCs. The results presented here clearly demonstrate that the Cu NCs are both temporally and
thermally stable for extended periods, paving the way to produce Cu NCs with tailored properties
for potential environmental application, along with the detection of Hg?* ions by PL intensity
variation of Cu NCs, which demonstrated to be an outstanding sensor for mercury ions with a LOD
of 0.023 nM.

As previously mentioned, there are rare reports of a system comprising both MoS; and Cu NCs.
Nevertheless, this composite system already seems to show exceptional optical properties
potentially useful for many technological applications (i.e. sensing and catalytic hydrogen
evolution). Therefore, it is ongoing in our laboratory a comprehensive study that takes advantage
of our new synthetic approach to such a system. Meantime, we also started a new system for the

photocatalytic Hz production (vide infra).
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Chapter 3

3.1 Functionalized SiC for Photocatalytic H: production

The pursuit for sustainable and clean energy sources has intensified the research focus on hydrogen
production as a promising alternative to fossil fuels. Depending on the primary source from which it is
obtained, H» can be distinguished among grey (from natural gas or methane via steam reforming),
blue (from fossil fuels with the capturing and storage of the produced CO3), pink (the electrolysis
is produced with nuclear energy), brown (from coal), turquois (from methane pyrolysis) and green
(the electrolysis is generated from renewable resources).'”’ Green hydrogen is generated via the
electrolysis of water, powered by renewable energy sources such as wind, solar, and hydroelectric
power but it is currently more expensive than grey hydrogen.'? In such a context, green H produced
by exploiting sun energy is one of the less harmful method to produce H, without toxic emissions,
although, currently solar to H, conversion efficiency is still low and need further improvements.!?
For such a reason, different studies have focused on the development and optimization of
photocatalysts.'®* Metal oxides,'*>!¢ sulfides,'”-!°® nitrides'**?°° and Metal Organic Frameworks
(MOFs)?°! are some of the most studied photocatalysts, thanks to their ability to harness light energy
for HER.2? Electrocatalysts, especially non-noble metals, graphitic carbon nitride, topological
semimetals, conjugated microporous polymers and ultrasmall nickel phosphide nanoparticles have
demonstrated significant improvements in hydrogen production rates.?%3-2%

Despite significant advancements, photocatalysts still suffer from limited light absorption and
rapid recombination of electron-hole pairs. In such a context, an effective process to increase H>
yield is achieved by the photoreforming reaction (PR), which usually combines the water reduction
with the oxidation of an organic substrate using a photocatalyst.?’” In this process, the electrons in

the semiconductor photocatalyst are excited by sunlight to the CB thus reducing the protons of H,O
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to Hz. Subsequently, the holes formed in the VB oxidize the organic compound (CxH,O;) to CO2 or

to intermediate products (Reaction 1)2%8

2xX—-7+y
2

CxH,0, + (2x — 2)H,0 (hv) ( )H2 +xC0, (Reaction 1)

Therefore, the organic molecule acts as a hole scavenger, effectively promoting charge carrier
separation and reducing the hole-pair recombination. This process simultaneously enhances Ha
production.?%

Among the numerous materials investigated for this application, silicon carbide (SiC)-based
semiconductors have attracted considerable interest due to their exceptional thermal stability,
chemical inertness, and a suitable bandgap (3.26 eV).?®

In addition, to further improve the photocatalytic efficiency for hydrogen evolution, SiC is often
combined with dye sensitizers, metal particles or ion doping.?'° In such a context, porphyrins, a
class of organic macrocycles with a unique conjugated structure, exhibit strong light-harvesting
capabilities and catalytic properties, making them ideal candidates for such hybrid systems.?’

Therefore, in this study, we investigate a novel system combining 4H-SiC silicon carbide and
porphyrin derivatives, specifically 5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine (TPyP, Figure
1), to enhance the photocatalytic hydrogen evolution during the solar photoreforming of glycerol

(Reaction 2) 2117214

C3HsOs + 3H20—7H2 + 3CO2 (Reaction 2)
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Figure 1. 5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine (TPyP)

By integrating the robust structural and optical properties of SiC with the superior catalytic
characteristics of porphyrins, we aim to develop a synergistic approach to improve the efficiency and stability
of hydrogen production. So, this study delves into the synthesis, characterisation, and performance
evaluation of the SiC-porphyrin composites, shedding light on the underlying mechanisms driving their

enhanced photocatalytic activity.

3.2 Preparation of TPyP/SiC films and experimental details

All chemicals, 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (TPyP), chloroform, pentane, 2-
propanol (Sigma Aldrich grade reagent) were used without further purification. 4H-S1C wafers were
provided by STMicroelectronics.

The 4H-SIiC substrates were cleaned by sonication in three different solvents: n-pentane,
chloroform and isopropyl alcohol and then dried with N.. Subsequently they were treated with an
UV/Ozone cleaning process for 10 min. TPyP/SiC films were obtained by depositing a few drops
of TPYP (4.4 x 10°M or 4.4 x 10°M in CHCls, respectively) on the Si-face of 4H-SiC by the spin-

coating technique using a SPS Spin 150 spin coater (1000 rpm for 60 min), Figure 2.
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TPyP film

Spin coating deposition of
TPyP

Figure 2. Preparation process of TPyP/SiC film.

XPS, UV-Vis and PL measurements were performed as reported in the Appendix. Photocatalytic
HER measurements were performed inside a batch reactor in which each film (area of 1 cm?) was
immersed in 50 mL of water/glycerol (20% v/v) solution and irradiated with a Osram Ultra Vitalux
lamp, 300 W, irradiance 10.7 mW/cm? for 5h. Before the photocatalytic tests, the reactor was
purged with an Ar flow for 1 h to remove the air inside the reactor. The H2 production was
monitored by GC-TCD Agilent 7890A equipped with a Supelco Carboxen 1000 column, Figure

3.

Gas sampling

Nl

—H =

H,0 out

Figure 3. HER experimental setup.
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3.3 Results and discussion

Figure 4 shows the typical absorbance spectrum of TPyP (4.4 x 10°® M in CHCls, red line) with
the Soret band centered at 417.5 nm, while the four Q bands are at 513.1, 546.3, 589.0, 643.3 nm.

The Soret band arises from the n-7* transition within the conjugated porphyrin ring system, while
the Q-bands are due to transitions between the ground state and higher excited singlet states.>!>

The UV-Vis spectrum of the 4H-SiC (black line) shows an absorbance peak at 463.3 nm.>!® The
UV-Vis spectrum of the TPyP/SiC system (blue curve) shows notable shifts of the porphyrin
absorbance peaks. In fact, the Soret band exhibits a redshift (440.3 nm), thus indicating a strong
interaction between the m-conjugated system of TPyP and the 4H-SiC surface.*® All the four the Q-
bands continue to be evident even if are somewhat shifted to 520.5, 543.4, 589.3, and 625.8 nm.
The band due to the SiC, now represented by the high wavelength shoulder almost remained at the
same position being at 459.5 nm.

Emission spectra of 4H-SiC and TPyP/SiC are reported in Figure 5. The spectrum of 4H-SiC
shows almost no detectable emission. In contrast, two prominent PL peaks at 651.9 and 715.6 nm,

due to the transition Q(0-0) and Q(0-1), respectively, are evident for TPyP/SiC. These two signals

are typical of anchored porphyrin molecules.?!”
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Figure 4. UV-Vis spectrum of 4.4 x 10 M of TPyP in CHsClI solution (red line), TPyP/SiC
(blue line) and SiC (black line).
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Figure 5. PL emission spectra of TPyP/SiC (blue line) and 4H-SiC (black line).

XPS was performed on the as-prepared films to elucidate their electronic structure. Figure 6
presents the deconvoluted XP spectrum of TPyP/SiC in the N 1s region. The lower binding energy

peaks at 397.8 eV and 398.7 eV, observed in a 1:3 ratio, are attributed to pyrrolic nitrogen
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atoms.!7>173 Additionally, the signals at 399.7 eV and 401.1 eV (2:2 ratio) correspond to pyridinic
nitrogen atoms.

In particular, the former signal is associated with two free pyridinic nitrogen atoms, while the
binding energy of the latter (401.1 eV) is somewhat reminiscent of that for quaternized nitrogen.
From this observation, we could attribute this latter signal to the other two pyridinic nitrogen atoms,
possibly interacting with the hydrogens of the protonated pyrrole nitrogen atoms of the vicinal
porphyrin molecules in the film.?!32!° Figure 7 and 8 report the C 1s and Si 2p deconvoluted XP
spectra, respectively. The C 1s XP spectrum shows four gaussian at 283.6 (C-Si), 284.6 (C-C),
285.6 (C-N) and 286.5 eV (C=0). The Si 2p deconvoluted XP spectrum shows three peaks at 100.7
(Si-C), 101.8 (Si-0), 103.4 eV (Si-OH), respectively.?2%?2! The presence of the Si-OH states
confirms the formation of an hydrated oxide layer induced by UV/Ozone treatment in air that

allowed the first layer of TPyP to bind to the 4H-SiC surface (Figure 9).173:174222

396 399 402 405
Binding Energy (eV)
Figure 6. Al-Ka excited XPS of TPyP/SiC film in the N 1s binding energy region. Blue, cyan,
magenta and yellow lines refer to 397.8, 398.7, 399.7 and 401.1 eV components of N 1s states, The
green line refers to the background and the red line superimposed to the experimental black profile

refers to the sum of all components
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Figure 7. Al-Ka excited XPS of TPyP/SiC film in the C 1s binding energy region. Blue, cyan,
magenta and yellow lines refer to 283.6, 284.6, 285.6 and 286.5 eV components of C 1s states, The
green line refers to the background and the red line superimposed to the experimental black profile
refers to the sum of all components.
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Binding Energy (eV)
Figure 8. Al-Ka excited XPS of TPyP/SiC film in the Si 2p binding energy region. Blue, cyan
and magenta lines refer to 100.7, 101.8, 103.4 eV components of Si 2p states, The green line refers
to the background and the red line superimposed to the experimental black profile refers to the sum

of all components.
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Figure 9. Schematic representation of possible interactions in the TPyP/SiC film.

The sample surface morphology was characterised by AFM. The Si-terminated face of the 4H-
SiC substrate has a native thin oxide layer (~10 A). After the ozone cleaning procedure, this Si-
terminated face of the substrate is featured by an atomically flat surface as shown in Figure 10a.
The surface morphology of this face after the TPyP deposition drastically changed. The spin-coating
of 1 mL of a TPyP 4.4 x 10 M solution resulted in a substrate homogeneously covered with a
porphyrin film (Figure 10b). By increasing the TPyP concentration to 4.4 x 10° M, some TPyP
aggregates formed (Figure 10c). To further investigate the thickness of the TPyP film on SiC,
atomic force lithography, using the AFM tip, was performed. Thus, grafted porphyrin molecules
were removed along a straight line by rastering the surface with the AFM tip under a suitable
constant force (SiC Mohs hardness H = 9.5).22>22* The scratched zone was investigated by AFM
(Figure 10d, blue line) and revealed the 4H-SiC Si-face surface with a height distribution in line
with the substrate reference (Figure 10e, blue line). The vertical section (Figure 10e, red line)
illustrates both film and substrate zones. AFM Peak-to-Peak (PtP) values were acquired for a total

of 12 vertical sections, providing an average film’s thickness of 27.56 nm + 6.17 nm.
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Figure 10. AFM topography 2D images of a) 4H-SiC Si-face reference after the ozone cleaning
procedure, b) TPyP (4.4 x 10°° M)/SiC, ¢) TPyP (4.4 x 10 M)/SiC, and d) TPyP (4.4 x 10 M)/SiC
after the lithography procedure. Both vertical (red line) and horizontal (blue line) sections of were
acquired in a 5 x 5 pm? area. e) Graph of vertical (red line) and horizontal (blue line) sections’

height.

The data reported in Table 1 were obtained by performing a statistical analysis on three images
(2 x 2 um?) for each sample. 4H-SiC is characterised by an atomical flatness with RMS and RA

values 0f 0.33 nm + 0.01 nm and 0.26 nm + 0.01 nm, respectively. The formation of a few porphyrin
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aggregates for the SiC spin-coated using the 4.4 x 10 M TPyP, as seen in Figure 10b, contributes
to increase both RMS and RA values to 0.83 nm + 0.32 nm and 0.34 nm + 0.08 nm, respectively.
The higher TPyP 4.4 x 10° M concentration on SiC boosted some aggregation hence leading to
higher RMS and RA roughness values of 4.88 nm + 0.77 nm and 3.37 nm + 0.65 nm, respectively.
The porphyrin aggregation for TPyP (4.4 x 10 M)/SiC sample is further confirmed by an increase
of the PtP value that now is 49.01 nm + 3.61 nm, with respect to 16.38 nm + 5.93 nm for the TPyP
(4.4 x 10 M)/SiC sample. At the same time, the relative standard deviation (Sdr) value substantially
increased from 0.12 % for the 4H-SiC Si-face substrate to 3.15 % after the TPyP 4.4 x 10-5 M spin
coating while the more uniform TPyP (4.4 x 10°® M)/SiC film is corroborated by the Sdr value of

0.18 %, similar to that of the 4H-SiC substrate

Table 1. AFM main roughness values of 4H-SiC Si-face reference, TPyP 4.4 x 10 M, and TPyP
4.4 x 10° M deposited on 4H-SiC Si-face substrate. Root Mean Square (RMS) and Roughness
Average (RA), Peak-to-Peak (PtP), and Developed Surface Area (Sdr) values are reported in the
table. The RMS and RA are two mean roughness values. The PtP value refers to the maximum

height. The Sdr value is the percentage of developed surface area to the nominal scan area.

RMS (nm)| RA (nm) | Peak-to-Peak (nm) Sdr (%)
4H-SiC Si-face
0.33+0.01| 0.26£0.01 3.21+0.13 0.12+0.01
reference
TPyP (4.4 x 10° M)/SiC| 0.83+0.32| 0.34+0.08 16.38 + 5.93 0.18 £ 0.09
TPyP (4.4 x 10° M)/SiC| 4.88 +0.77| 3.37 +0.65 49.01 £ 3.61 3.15+0.87

HER was studied using four different systems: 4H-SiC, TPyP (4.4 x 10> M)/SiC, TPyP (4.4 x
10® M)/SiC and TPyP (4.4 x 10”7 M)/SiC. It is important to stress that the SiC-porphyrin system

allows increased absorptivity by the combination of the SiC (UV) and porphyrin (visible)
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absorptions. The TPyP (4.4 x 10 M)/SiC system resulted the most suitable in terms of HER, with
46.6 pmol Ho/h (Figure 11). This superior performance of the TPyP (4.4 x 10 M)/SiC can be
attributed to an optimal SiC surface coverage with TPyP, that led to activate synergistic effects that
promoted the photocatalytic activity. On the contrary, a lower concentration (4.4 x 10”7 M) was not
sufficient to exploit the photoactivity of the TPyP, whereas a higher porphyrin concentration (4.4 x
10° M) led to a tick film in which the uppermost porphyrin layers were not interacting with the
silicon carbide substrate. Therefore, in the film obtained using at 4.4 x 10°® M porphyrin
concentration, the porphyrin molecules are likely more evenly distributed across the SiC substrate,
without relevant overcrowding, as confirmed by AFM measurements (Figure 10c).2

The robust interaction between TPyP and SiC enabled the effective exploitation of the distinctive
optical properties of the porphyrin, contributing to a synergistic photocatalytic and photosensitizing
mechanism. This interaction enhanced the overall photocatalytic efficiency by leveraging the light-
absorbing capabilities of TPyP, thereby facilitating improved electron transfer and charge separation
within the SiC-based system?? (Figure 12). Specifically, under simulated solar irradiation the
electrons (€”) of SiC were excited from the valence band (VB) to the conduction band (CB). The
holes (h") were scavenged by the presence of glycerol that allowed an improved Ha production; in
this way, the e” were able to react with the generated H' to further promote Hz production. The
presence of porphyrin boosted up this mechanism due to the ability of the TPyP to excite under the
simulated solar irradiation, furnishing additional electrons on the SiC that led to increase the H>
formation. This mechanism was partially inhibited at high concentrations of TPyP due to the self-
quenching phenomena.??” At the best of our knowledge, this is the first time that the photocatalytic
performance of porphyrin/SiC films in the H> production reaction were investigated. Only in the
last year the silicon carbide (in powder form) was proposed as an interesting unconventional
photocatalyst compared to the most used TiO2, CeO, or ZnQ.2%:213228 I fact, Hao et al. prepared
modified SiC nanowires with a carbothermal reduction that allowed to obtain a Hz production of

0.27 pumol/h in a water splitting experiment (i.e. without sacrificial agent) using a simulated solar
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irradiation. The solar photocatalytic performance of SiC were enhanced with the addition of co-
catalysts and, An et al. obtained 4.2 pmol/h of Hz evolution in the water splitting test with a Si/SiC
composite.?!%?2% Dang et al. investigated the addition of Au on SiC powder using Na,S as scavenger,
and obtained a Hz evolution of 15 pmol/h.?*° Du et al. obtained 60 pmol/h of H» using a ternary
compound graphitic carbon nitride-SiC-Pt under simulated solar light and using triethanolamine as
organic scavenger .>*! The g-C3Ns-SiC noble metals-free composite was also investigated recently
by our research group in the solar polyethylene terephthalate (PET) photoreforming reaction with a
moderate H, production (0. 18 pmol/h) in absence of any metal co-catalyst.?®

It is important to note that it not easy to compare the literature data due to the various
experimental conditions adopted by the several research groups where the amount of powder
catalyst (varying from 10 to 100 mg), the type of solar lamp and of the employed rector, as well as
the pre-treatments conditions and the holes scavengers used are different in each work.

Taking this into account, the H yield of 46.6 pmol/h (Figure 11) obtained with the TPyP (4.4 x
10 M)/SiC system is a very promising alternative to the traditional photocatalysts, which often
require the use of expensive co-catalysts and difficult recovery steps from the reaction medium,

without any intermediate step.>3>233

—=— SiC (20.0 pmolH,/h)
250+ —e— TPyP (10° M)/ SiC (34.8 umolH,/h)
—a—TPyP (10° M)/ SiC (46.6 umolH,/h)
200 1 TPyP (107 M)/ SiC (21.1 umolH,/h)
o
T 150-
]
|
100 -
50
0 T T T T T
0 1 2 3 4 5

Time (h)

Figure 11. Progressive Hz evolution under simulated solar irradiation using four SiC systems.
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Photosensitizer: TPyP

CB

AEg=3.3eV 4H-SiC + hv— e+ h"

2H,0+ 4h*— O,+ 4H+

4H+ +4e- — 2H,

C;Hz04+ 3H,0 + 14h*— 3CO, + 14H"
14H" + 14e- — 7H,

Figure 12. Proposed photocatalytic HER mechanism

3.4 Conclusions

The experimental results demonstrate that the integration of TPyP with 4H-SiC significantly
enhances the photocatalytic hydrogen evolution reaction. TPyP (4.4 x 10 M)/SiC film exhibited
the highest H> yield; such evidence could be attributed to the optimised surface coverage,
facilitating an effective electron transfer and catalytic activity. On the other hand, higher
photosensitizer concentrations may lead to self-quenching effects, the reducing the overall
photogenerated charge carriers available for the reaction. The AFM measurements confirm the
better spatial homogeneity of the TPyP film at lower concentrations, further supporting the observed
catalytic performance. These findings highlight the potential of using porphyrin-functionalized SiC
systems for efficient and sustainable hydrogen production with the possibility to scale-up such a
process, enlarging the versatility of the SiC substrates, which currently are involved in the

microelectronic industry.
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Chapter 4

4.1 Os polypyridyl complex for Cr(VI) detection

Heavy metal ions, in particular hexavalent chromium, have recently been detected in the
Mediterranean and Ionian Seas,?** exceeding the limits set by the WHO.?*-237 Chromium is a steel-
grey coloured metal whose properties make it suitable for electroplating, tanning, catalysis, etc.?*®
Consequently, large amounts of Cr(III) and Cr(VI) have been released in the environment, in the
form of solid, liquid and gaseous waste streams thus causing adverse biological and environmental
effects.?32%0 The biological roles of Cr(IIl) and Cr(VI) are very different, trace amounts of the
former are considered important nutrients, while the latter causes the formation of reactive oxygen

species (ROS) that can induce DNA modifications in biological systems, as shown in Figure 1.24!

Cr(III) — Cr(III)-complex

2 ‘e
(o) '?'7),
Cr(IV) ¢ Nucleus

Cr(V)

\¢,~1~\ +complex/ DNA
\(’6\ ROS modification

Cr iy

Figure 1. Interaction mechanism of Cr(VI) and Cr(l1l) with biological systems.

For all these reasons, the WHO has set the limit for Cr(VI) to 0.05 ppm in groundwater.?*?
The aqueous chemistry of Cr(VI) species is very complex and depends basically on their
concentration and pH of the medium. Specifically, at low concentrations and at neutral/ basic pH,
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CrO4* is the predominant species (Equilibrium 1), while between pH 2 and 6 HCrO4 and Cr.07*

are in equilibrium (Equilibrium 2). Finally, below pH 1 H>CrOs is the predominant species

(Equilibrium 3).24
HCrO4 < CrO4-H* K =105 Equilibrium 1
Cr207* + H20 & 2HCrO« K=4.1 Equilibrium 2
H2CrO4 & HCrO4 H* K =10-22 Equilibrium 3

Traditionally, time-consuming and expensive methods have been used to detect chromium,
including inductively coupled plasma mass spectrometry/atomic emission spectrometry (ICPMS/
AES), atomic absorption spectrometry (AAS), atomic fluorescence spectrometry (AFS), laser-
induced breakdown spectrometry (LIBS) etc.2**?* Although, new roots are opening towards

249-251 methods, that can be easily implemented in smart

electrochemical?*¢* and colorimetric
sensors, which can also be used by non-expert customers. Colorimetric sensors are constituted by
molecules or complexes that develop or change their colour upon the exposure to a specific input
(stimuli-responsive systems). In the case of solid sensors, the active material can be deposited either
on organic or inorganic substrates.>>? The basis of the detection mechanism for colorimetric sensors
depends on the specific properties of the active material. For instance, chelation reactions, self-
catalysed reactions and enzyme mimetic reactions are typical of organic systems while, in the case
of polymer-based active materials, the response is often due to a conformational variation of their
conjugated backbone.’* Some detection mechanisms are based on the reduction of Cr(VI) to
Cr(III).>*3%* The thermodynamic reduction potentials for the large majority of water-soluble Cr(VI)
species are positive (>1.1 Vvs. SHE) and involve multiple transfers of protons and electrons. These
high potentials indicate that thermodynamically Cr(VI) reduction should not be challenging.

However, the large quantity of protons involved makes such redox reactions less favourable from

a kinetic point of view in neutral or basic media.”*’ Hence, the pH plays a key role in the
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electrochemical detection of Cr(VI), as it can be seen in Figure 2, in which a Pourbaix diagram is

reported.?>
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Figure 2. Calculated Pourbaix diagram for 10 M total dissolved chromium at 25°C.>*

The Pourbaix diagram represents an important tool to esteem the predominant species at specific
pH values and potentials. However, given the complexity of the solution equilibria, there might be
other different species.?*’

Taking all this into account, transition metal complexes could represent good candidates to detect
Cr(VI) thanks to their stability and tuneability. Specifically, those composed by polypyridyl ligands
are known as robust materials with a strong coordination bond, characterised by long stability in air
and at high temperatures. Polypyridyl ligands are multidentate organic compounds that bind to the
metal centre via Lewis acid-base interactions.*>*>® The resulting structure determines the properties
of the complexes, with specific electrochemical, photochemical and photophysical properties,?!*2>°

bringing to strong coloured complexes mainly due to transitions between the d-block energy levels

of the metal and the ligand energy levels, as illustrated in Figure 3.
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Figure 3. Typical electronic transitions involved in transition metal complexes: LC and MC are
ligand and metal centered transitions, respectively, while MLCT refers to metal-to-ligand charge
transfer.

The above-mentioned properties make these complexes suitable building blocks for the design
of systems able to change their optical features, upon the exposure to a specific input, in our case,
Cr(VI). Specifically, we synthesised an electrochromic film made up of 10 layers of Os polypyridyl
complex deposited on Fluorine Tin Oxide (FTO) on glass which, thanks to its electronic and optical
properties, was able to simultaneously detect and remediate for Cr(VI) ions in acidic aqueous
solution, thus allowing to recognize Cr(VI) via different means: naked-eye, UV-Vis spectroscopy

and electrochemistry.

4.2 Synthesis and experimental details of [Os]10/FTO

All chemicals were of reagent grade and used without further purification. Ammonium
hexachloroosmate(IV), (NH4)20sClg, purity >99.9% and lithium perchlorate, LiC104, anhydrous
99% were purchased from Alfa Aesar; bis (benzonitrile) palladium dichloride, PdCIx(PhCN)s,
purity 95%, ammonium hexafluorophosphate NH4PFs, purity 99.98% trace metals basis,
potassium dichromate K>Cr,07, purity >99.0%, potassium nitrate KNO;3 and silica gel (60-120
mesh) were purchased from Sigma Aldrich; The ligand 4-methyl-4'-(2-(pyridin-4-yl)vinyl)-2,2'-
bipyridine, CisH11N3 and Os polypyridyl complex were synthesized in the laboratory. Ultrapure

Water Type I, that is triple distilled water (TDW), was obtained using a Merck Millipore system,;
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ethylene glycol, dichloromethane, hydrochloric acid (32%) and acetone were purchased from Bio-
Lab (Jerusalem). For sensors’ preparation, two types of substrates were used: FTO on glass (2 cm
x 2 cmx 1.1 mm, p= 10 Ohm/sq) from Xinyan Technology Ltd. (Hong Kong, China) and Thin Layer
Chromatography (TLC) silica gel 60 F2s4 on aluminium foil, from Sigma Aldrich. Lead chloride,
PbCly, from BDH; lithium chloride, LiCl, from Mercury; cesium chloride, CsCl, from Fischer;
calcium chloride, CaCl,, nickel chloride, NiClo, magnesium chloride, MnCl,, sodium chloride,
NacCl, barium chloride, BaCl,, aluminium chloride, AICl3, from Sigma Aldrich.

For the spectrophotometric detection, a solution of 10 ppm of Cr(VI), then acidified to ~1, was
prepared from a stock solution of 100 ppm. Stock solution was obtained dissolving 30 mg of
K2Cr207 in 100mL of TDW. The pH was adjusted with HCI and monitored using an INE-PHS-3E
pH-meter. The oxidation process of the Os film was performed immersing [Os]io inside a Cr(VI)
solution for 2 minutes while, the restoring (reduction) of the film was carried out dipping it inside
TDW.

CV was used for both characterising the [Os]io film and to conduct electrochemical detection of
10 ppm of Cr(VI). The potential range was 0.2V-1.1V, with a scan rate of 0.1V/s.
Chronoamperometry (CA) measurements were performed in a time lapse of 10 seconds, in the
presence of 10 and 30 ppm of Cr(VI), at both at 1.0 V and 0.2V. Both CV and CA experiment were
carried out at strong acidic conditions.

The synthesis and purification of the Os polypyridyl complex was performed as reported
before.?!® The set-up system to conduct the reaction in Scheme 1 was made up of a heating plate
provided with a thermometer, an oil bath, one 100 mL 3-neck round bottom flask connected to a
condenser and a N line that was used throughout the whole reaction. First, the flask was filled with
35 mL of ethylene glycol and then it was heated at 210°C; afterwards, 147 mg (0.3348 mmol) of
(NH4)20sCls and 292 mg (1.0683 mmol) 4-methyl-4'-(2-(pyridin-4-yl)vinyl)-2,2'-bipyridine were
added to the flask while stirring. After 4 hours, the solution was left to cool down at room

temperature and, a saturated aqueous solution of NH4PFs was added to induce an ion exchange,
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from NH4" to PFs", to obtain the product via precipitation process. Finally, the product was washed
with water and diethyl ether and recovered through several centrifugation steps (4000 rpm for 10

mins).

2[NH,'|
_ _ 2

/ 1) Ethylene glycol,
S 200°C, 4h

2) RT, NH,PF,

PF }

Scheme 1. Synthesis of Os polypyridyl complex (IT)

Column chromatography was used to purify the product obtained from the reaction shown in
Scheme 1. A piece of cotton was put at the bottom of the column, then the silica, previously
suspended in CH>Clo, was added. It was also prepared a mixture of the product, dissolved in acetone,
and silica gel suspended in CH:Cl that was gently heated. After loading this mixture in the column,
a layer of sand was added to avoid the direct contact between the solvents used to further wash the
complex, before to add eluents. Specifically, CH>Cl is suited to remove the ligand excess and
CH3CN can get rid of some by-products. After the washing procedure, the elution solution, made

up of CH3CN/TDW/KNOssat in the ratio of 20 mL:5 mL: 0.75 mL was added, and the eluate was
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collected and checked with TLC. The selected fractions were put in a round bottom flask and, after
evaporating CH3CN, a saturated solution of NH4PF¢ was added to re-establish the PF¢ as counter
ion. Afterwards the product was washed and recovered by several centrifugation steps as above-
mentioned. Finally, it was put in a Schlenk line and dried for one night.

[Os]i0/FTO film was prepared with a layer-by-layer approach via spin coating method, using a
Laurell spin-coater, model WS-400A-6NPP/ LITE. The spin coater was set to 500 rpm for 10 s and
then at 1000 rpm for 30 s. First, the FTO substrate was sonicated in EtOH for 10 minutes and then
dried. Afterwards, it was treated with a UV and Ozone cleaning system (Montgomery, PA). Finally,
it was washed with Tetrahydrofuran (THF) and dried. For the preparation of the [Os]io film, a 0.6
mM solution of Os polypyridyl in CH>Cl/CH30H (1:1 v/v) and 4 mM solution of PACl,(PhCN),
in THF were prepared. The spin coating deposition was performed by alternating the drop-casting
of the PdCl2(PhCN): solution, followed by that of the Os polypyridyl solution, and then acetone.
This procedure was repeated ten times to obtain approximately 10 layers of the molecular assembly
on glass.

[Os]w/Si0z array on TLC was prepared immersing a SiOz /Al slide in 0.3 mM of Os polypyridyl
complex solution (3.9 mg in 10 mL of acetone), then a Teflon mask was put on the top of it.

A selectivity test was carried out using different metal salts. Stock solutions of 500 ppm of LiCl,
CaCl,, NiClz, MnCly, CsCl, BaCly, NaCl, PbCl, and AlICI3 were prepared. From stock solutions, a
mixture of all salts was obtained (50 ppm). In addition, solutions of 5, 10, 30 and 50 ppm of Cr(VI)
were also prepared. For each solution/mixture, a volume of 7 uLL was dropped individually on a spot

of the Teflon mask. For acidified solutions the pH value was adjusted to 1.

4.3 Results and discussion

Figure 4 shows the resulting CV graph indicating the redox process of Os*" to Os** and vice

versa. The anodic peak potential (Epa) was observed at 0.81 V with an anodic peak current (Ipa) of
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0.73 mA; the cathodic peak potential (Epc) was at 0.40 V with a cathodic peak current (Ipc) of -

0.76 mA.*>7
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Figure 4. CV graph of [Os]i0 measured with a scan rate of 0.1 V/s in a scan potential of 0.2-1.1
V.

Afterwards, spectroelectrochemical measurements were executed to evaluate the optical variations
of the film. Figure 5 shows the UV-Vis typical spectrum of the Os*" polypyridyl complex recorded
while applying a reduction voltage of 0.2V. The expected characteristic bands at 516 and 692 nm
are assigned to the spin-forbidden singlet-triplet metal-to-ligand charge-transfer absorptions.?!®2>8

Figure 6 shows the Os** polypyridyl spectrum obtained upon applying an oxidation voltage (1.0
V), that indicates the disappearance of both MLCT bands and the concurrent appearance of a
shoulder at 395 nm, due to the LMCT process. In fact, after the oxidation process, the central metal
ion becomes electron poor thus inhibiting the 'MLCT and *MLCT and results into a colour

bleaching of the film, as shown in Figure 7.
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Figure 5. UV-Vis spectrum (350-800 nm) of [Os]i0at 0.2 V.
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Figure 6. UV-Vis spectrum (350-800 nm) of [Os]ioat 1.0 V.
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Figure 7. [Os]1o film in the reduced and oxidized form.

Once the film was fully characterised, redox cycles experiments were carried out in the presence
of Cr(VI) ions; Figure 8 illustrates the redox mechanism of the reaction between Os(II) and Cr(VI).
Figure 9 shows the redox cycles experiments and for every oxidation cycle a bleaching of the two
MLCT bands results evident, while the LMCT shoulder at 395 nm appears. On the other hand, for
every reduction cycle, the LMCT band disappears and the MLCT bands appear again. Such a trend
was highlighted by plotting the absorbance at 516 nm and 395 nm as function of redox cycles,

Figures 10 and 11, respectively.?*>2%
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Figure 8. Schematization of the oxidation reaction between Os?* and Cr®,
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Figure 9. UV-Vis spectra (350-800 nm) of [Os]io in the presence of 10 ppm of Cr(VI). The
green line refers to the spectrum acquired before any experiment, the other six lines in pink grade
represent six oxidation cycles (n Ox), while the other six lines in a grade of blue correspond to

reduction cycles (n Red). Each oxidation reaction was conducted immersing the film inside 10 ppm
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of Cr(VI) solution, at pH=1. Reduction reaction was performed immersing the film inside TDW for

15 minutes.
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Figure 10. Plot of the absorbance values of tMLCT band at 516 nm vs. redox cycles. The
direction of the row indicates that oxidation reaction causes a bleaching of the band.
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Figure 11. Plot of the absorbance values of LMCT band at 395 nm vs. redox cycles. The

direction of the row indicates that for every oxidation cycle there was an increase in intensity.
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To evaluate the reversibility of the redox reaction the interval confidence at 95% for the

absorbance values at 516 nm and 395 nm was calculated according to Equation 1:

X +2.57 X in (Equation 1)

\/_

Where X is the mean value of each absorbance value at 516 and 395 nm for each oxidation and
reduction cycle, 2.57 is critical Student’s t value for 5 degrees of freedom (n-1), s is the standard
deviation and n is the number of measurements carried out, in this case n=6. The results are shown

in Table 1 and the narrow values suggest that the sensor is reliable and reversible.

Table 1. Mean values of the absorbances at 516 and 395 nm with their confidential intervals

A, MLCT A LMCT
516 nm 395 nm
Red 0.59 + 0.04 Red 0.38 +0.01
0x 0.27 £ 0.02 Ox 0.68+ 0.02

Control experiments were carried out with FTO as working electrode and a reduction peak
potential for Cr(VI) was found at 0.4V vs Ag/AgCl (Sat’d KC1).*” Figure 12 shows the CV graph
of [Os]i0 measured in the presence of 10 ppm of Cr(VI), at pH=1. In this case, the Epa was observed
at 0.74 V while the Epc was at 0.45V; Ipa and Ipc were 0.45 mA and -0.52 mA. Notably, there was
also a decrease of both Ipa and Ipc, thus meaning that there might be adsorption or the formation

of a double layer on the electrode surface.?’
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Figure 12. CV graph of [Os]io measured with a scan rate of 0.1 V/s in a scan potential of 0.2-
1.1V.

CA measurements were also performed with 0, 10 and 30 ppm of Cr(VI). Figures 13 and 14
show the graphs obtained performing the CA measurements at 1.0 V and 0.2 V, respectively. When
an oxidation voltage was applied (1.0 V), the charge surface density decreases (Figure 15) as the
concentration of Cr(VI) increases, thus indicating that a chemical oxidation process happened and
part of Os*>" has been oxidized to Os*>" by Cr®". CA experiment at 0.2V suggests the same trend,
complementary and opposite, to the one at 1.0 V: as Cr(VI) concentration increases, the charge
surface density goes down to more negative values (Figure 16), thus meaning that, despite the
applied potential, it was more difficult to reduce Os** to Os** because Os** was simultaneously

oxidized by Cr®*260.261
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Figure 13 CA graph of [Os]10 measured at 1.0 V for 10 seconds in the presence of 0 ppm
(black line), 10 ppm (red line) and 30 ppm (blue line) of Cr (VI).
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Figure 14. CA graph of [Os]io measured at 0.2V for 10 seconds in the presence of 0 ppm (black
line), 10 ppm (red line) and 30 ppm (blue line) of Cr (VI).
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Figure 15. Plot of the calculated charge surface density values at 0, 10 and 30 ppm of Cr(VI) for

the CA experiments carried out at 1.0 V.
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Figure 16. Plot of the calculated charge surface density values at 0, 10 and 30 ppm of Cr(VI)

for the CA experiments carried out at 0.2V.
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Figure 17 shows the plot of the current densities (Al) taken from both CA experiments, as
function of the ppm of Cr(VI) added. As shown in the graph, CA experiments carried out at 0.2V
give a linear and a more reliable response to Cr(VI) ions, respect with the same measurement
performed at an oxidation voltage, 1.0 V, that shows on the contrary a deviation from the linearity.

Therefore, the electrochemical sensor should work in a reduction regime.2%2%3
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Figure 17. Plot of the Al current densities upon 5 seconds of the applied voltages taken for both CA

experiments as a function of 0, 10 and 30 ppm of Cr (VI) added.

The naked-eye detection of Cr(VI) was possible using an [Os]n/SiO; array. Figure 18a shows
the as-obtained array, made up of three rows. Figure 18b refers to the control experiments performed
as follow: TDW, acidified TDW and both non acidified and acidified solution of 50 ppm of Cr (VI)
were individually deposited on the first-row spots. In the second row of Figure 18c acidified
solutions of 5, 10, 30 and 50 ppm of Cr(VI) were singly dropped. In the third row of Figure 18d
acidified solutions of the mixture, mixture+10ppm of Cr(VI), mixture+30 ppm of Cr(VI), and

mixture+50 ppm of Cr(VI) were singly released. The results confirmed the strong selectivity of the
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[Os]n/SiOz array towards Cr(VI) ions,?® highlighted by the visual discoloration of the compound
where the acidified Cr(VI) solutions were dropped. Noteworthy, the response time was less than 1
second compared to 2 minutes of [Os]10. Note that the sensor tends to get its colour back, after some
minutes of exposure to air where, it is well known, that there usually are 20000-40000 ppm of water.

Such phenomenon was also observed in [Os]io film, even though the process was quite slower.
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Figure 18. A) Selectivity experiment carried out with a [Os]n/SiO> array; B) first row control
experiments with TDW, acidified TDW, non-acidified and acidified 50 ppm solution of Cr(VI); C)
second raw acidified solutions of 5,10,30,50 ppm of Cr(VI); D) third row acidified mixture
containing 50 ppm of LiCl, CaCl,, NiClo, MnCl, CsCl, BaCl,, NaCl, PbCl, and AlCI3, acidified
mixture + 10 ppm , 30 and 50 ppm of Cr(VI) respectively.

4.4 Conclusions and future perspectives

To sum up, an Os polypyridyl complex was chosen as an active material to be used as a sensor
to detect Cr(VI) in aqueous medium. For this purpose, a film of 10 layers was prepared on a
FTO/glass substrate, thus obtaining the [Os]io film, which was characterised by electrochemical and
spectrophotometric measurements. Thanks to its unique properties it was possible to conduct Cr(VI)
detection experiments by naked-eye, spectrophotometry and electrochemistry. Naked-eye
experiments were carried out using a [Os]n/Si10; array, which notably showed a very fast response
(less than 1 second), compared to 2 minutes of [Os]io for 10 ppm of Cr(VI). The sensor showed

reversibility, reliability, and selectivity. Electrochemistry data suggests that [Os]io could be
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implemented inside a sensing device; on the other hand, [Os]n/SiO; array could be a useful and
portable detection tool, also for inexpert customers.

Future research will focus on the improvement of the sensor’s performances and on the
development of an electrochemical sensor with the purpose to detect lower concentrations of
Cr(VI). More experiments will also be carried out to better understand possible by products that

could be generated.
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General conclusions

This PhD thesis explored the synthesis, characterisation, and application of wvarious
nanostructures for environmental monitoring, pollutant detection and sustainable energy solutions.

By a single-step synthesis, we were able to obtain a unique composite material composed by 1T/
2H-MoS: and graphitic carbon, whose composition was further confirmed by XPS and Raman
measurements. This material resulted to be suitable for electrochemical detection of nitrite ions also
in real water sample; specifically, the sensor showed stability, reliability and selectivity with a good
LOD (0.185 uM) comparable with the best results in literature. This study opens-up new roots to
the facile syntheses of MoS. composite materials to improve environmental applications.

With the aim to develop high quality nanomaterials with a reduced environmental impact, while
maintaining high analytical performance, we also carried out a green synthesis of
monoethanolamine-stabilized Cu NCs. These Cu NCs demonstrated strong aqueous stability over
time and excellent optical properties such as strong photoluminescence, which made them ideal for
the optical detection of mercury ions. The developed sensor proved to be particularly sensitive,
selective, and stable, even in real environmental conditions with a LOD of . 0.023 nM.

Another key outcome of this PhD thesis was achieved with the development of an innovative
hybrid system based on TPyP functionalised-SiC for photocatalytic hydrogen evolution reaction.
This system showed a significant increase in hydrogen production under simulated solar irradiation
without the need for expensive co-catalysts. The functionalization of SiC with porphyrin enhanced
light absorption and charge separation, thereby facilitating efficient hydrogen generation. Such
evidence paves the way for future studies with the possibility to scale-up such applications.

Lastly, we also explored a film of [Os]io/ FTO, for the detection of hexavalent chromium. The
film exhibited a fast response, high selectivity, and good stability under the operating conditions,
making it suitable for the optical and electrochemical sensing of Cr(VI). Notably, naked-eye tests

demonstrated that it is possible to use such system for the fast and reliable in-situ monitoring.
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Overall, the research conducted in this PhD thesis demonstrates how nanostructured materials
can provide innovative and effective solutions to address the challenges of environmental pollution
and the growing demand for clean energy. Future efforts will focus on optimizing these systems

for large-scale applications and exploring further nanomaterials with similar and improved features.
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Appendix



Characterisation Techniques

X-Ray Diffraction

X-ray diffraction (XRD) is a rapid and powerful non-destructive analysis technique, which
can be conducted at room temperature and pressure, for determining the crystal structure of
materials. It provides information on structures, phases, preferred crystal orientations (texture),
and other structural parameters, such as average grain size, crystallinity, strain, and crystal
defects. XRD analysis is based on constructive interference of a monochromatic beam of X-
rays scattered at specific angles from each set of lattice planes in a crystalline sample. The X-
rays are generated by a cathode ray tube, filtered to produce monochromatic radiation,
collimated to concentrate, and directed toward the sample. The interaction of the incident rays
with the sample produces constructive interference (and a diffracted ray) when conditions
satisfy Bragg’s Law (nA = 2d sin 6). This law relates the wavelength of electromagnetic
radiation to the diffraction angle and the lattice spacing in a crystalline sample. The XRD peak
angles and intensities are determined by the atomic positions within the lattice planes.
Consequently, the XRD pattern is the fingerprint of periodic atomic arrangements in each
material. An online search of a standard database for X-ray powder diffraction patterns enables
quick phase identification for a large variety of crystalline samples.*

XRD pattern of MoS2/C composite was recorded using a Rigaku Smartlab diffractometer,
equipped with a rotating anode of Cu K, radiation, operating at 45 kV and 200 mA. Bragg—

Brentano patterns were acquired with a resolution step of 0.02° 26.
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UV-Vis Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is a type of absorption spectroscopy in which UV-
Visible light is absorbed by the molecule. Absorption of the UV-Visible radiations results in the
excitation of the electrons from lower to higher energy levels. The technique is based on the
measurement of the intensity of the incident monochromatic radiation produced by a suitable
source (Ip) and that of the radiation that reaches the detector after interacting with the sample

under examination (I) (Figure 1).
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Figure 1. Absorption phenomenon by the solution with consequent attenuation of the intensity

of the monochromatic ray from Io to I

By comparing the incident radiation (Ip) and the transmitted radiation (I), the amount of light
absorbed by the sample at that specific wavelength can be easily calculated. Using the Beer—

Lambert law, this absorption can be used to determine concentrations of solutions:
1
A=log(7°)=AxsxGC

where A is the measured absorbance, lo is the intensity of the incident light at a given
wavelength, I is the transmitted intensity, | is the path length through the sample (cm), C is the
concentration of the absorbing species (mol x L"), and ¢ is the molar absorptivity or extinction
coefficient (L x mol! x cm™).2

The optical properties of TPyP and TPyP/films were investigated using a JASCO V-650 UV-

Vis spectrophotometer. All spectra were recorded from 200-900 nm with a 0.1 nm resolution at
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room temperature. TPyP absorbance spectrum was obtained by dissolving 2.7 mg of TPyP in
10 mL of CHCls (4.4 x 10°® mol, 4.4 x 10* M) and then diluting to 4.4 x 10 M.

For [Os]10/FTO, UV-Vis spectra were recorded on a Cary 100 spectrophotometer. The absorbance
was measured using the Cary Win UV—Scan application program, version 3.00 (182) by Varian
(280—800 nm); bare FTO on glass was used to compensate for the background absorption.

Spectroelectrochemical (SEC) measurements were carried out with the above-mentioned

instrument, while applying a oxidation potential (1.0 V) and a reduction potential (0.2), respectively.

Photoluminescence Spectroscopy

Photoluminescence (PL) is a process in which a substance emits light (usually at somewhat
lower energies with a smaller number of photons) after the absorption of photons
(electromagnetic radiation). The physical principle of photoluminescence is depicted by the
Jablonski diagram (Figure 2) Absorption of photons promotes an electron from the electronic
ground state (So) to certain vibrational levels (v=0, 1, 2, ...), of the first (S1) or higher electronic
excited state (S»3 ...). The excited electron relaxes to the lowest S; state through internal
conversion (IC), which occurs when a vibrational state of an electronically excited state can
couple to a vibrational state of a lower electronic state. The resulting electron can further
deactivate either radiatively by emitting a photon (FL) or non-radiatively through one of three
processes: (1) IC quenching to the ground state; (2) collisional quenching (CQ) to the ground
state; or (3) intersystem crossing (ISC) to a triplet excited states (T1) that usually lies at lower
energy relative to Si. Then, the electron can either emit a photon by phosphorescence or

deactivate through IC to So.
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For molecular materials, the intensity and profile of the photoluminescence spectra are direct
measures of various important material properties such as the relative energies of the ground and
excited states, electronic transitions and concentrations of the emitting species. Furthermore, the
temporal dependence of the photoluminescence reflects the relaxation characteristics of the
excited state, molecular bonding environment, and identification and quantification of
photoluminescence quenchers.*

PL measurements of TPyP/films and 4H-SiC substrate were recorded using a JASCO FP-

8350 spectrofluorometer. The emission spectra were recorded with a resolution of 1 nm at room

temperature at 90° with respect to the exciting line beam using 5:5 slit-widths and a Aexc of

430 nm.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used technique to investigate the electronic

structure and chemical composition of surfaces. It provides information on the oxidation states and
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on the chemical environment of the studied species and allows estimation of the surface elemental
composition, once the relevant atomic sensitivity factors have been taken into account.

It was developed in the mid-1960’s by Kai Siegbahn and his research group at the University of
Uppsala, Sweden. The XPS technique is used to measure:

* clemental composition of surfaces (top 0—10 nm usually);

» chemical or electronic state of each element in the surface;

+ uniformity of elemental composition across the surface (or line profiling or mapping);

* uniformity of elemental composition as a function of ion beam etching (or depth profiling).

The phenomenon is based on the photoelectric effect, outlined by Einstein in 1905, where the concept
of the photon was used to describe the ejection of electrons from a surface when photons impinge upon
it (Figure 3):

A+thv—A"+ e

Irradiation causes the emission of photoelectrons whose kinetic energy is proportional to the incident
radiation frequency, while their number is proportional to the radiation intensity. In addition to
photoelectrons, after 10™# seconds of this photoelectric process, Auger electrons may be emitted

because of the relaxation of the excited ions remaining after photoemission (Figure 3).
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Figure 3. Scheme of the photoemission and Auger processes.

In the Auger process, an electron from a higher-level shell fills a core-level vacancy, and at the
same time a second electron is emitted, carrying off the excess energy. The Auger electron
possesses kinetic energy equal to the difference between the energy of the initial ion and the doubly
formal charged ion and is independent of the energy of the photon creating the core-level vacancy.

Thus, photoionization causes the emission of two electrons (a photoelectron and an Auger
electron) and the sum of the kinetic energies of these electrons emitted cannot exceed the energy
of the ionizing photons.

A typical XPS instrument has an analysis chamber kept at ultra-high vacuum, ~10~® Pa and the
X-ray sources typically used are Al (1486.6 eV) or Mg (1253.6 eV) Ka radiations that induce the
emission of electrons from the inner energetic levels (core electrons) of each element present on
the surface of the analysed material. The vacuum is essential to maximize the path of the electrons
out of the material, without collision with other gaseous substances present in the chamber,
allowing thus them to reach the detector. Moreover, it reduces the probability of finding

contaminants absorbed on the surface of the sample, such as water and oxygen. X-ray
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photoelectron spectra are thus collected by measuring the kinetic energy and number of electrons
that escape from a few tens of angstroms of the surface.

In detail, when X-rays illuminate an area of a sample cause ejection of electrons with a range of
energies and directions. The electron optics, which may be a set of electrostatic and/or magnetic
lens units, collect a proportion of these emitted electrons defined by those rays that can be
transferred through the apertures and focused onto the analyser entrance slit. Electrostatic fields
within the hemispherical analyser (HSA) are established to only allow electrons of a given energy
(the so-called Pass Energy, PE) to arrive at the detector slits and onto the detectors themselves.
Electrons of a specific initial kinetic energy are measured by setting voltages for the lens system
that both focus onto the entrance slit the electrons of the required initial energy and retards their
velocity so that their kinetic energy after passing through the transfer lenses matches the pass
energy of the hemispherical analyser. To record a spectrum over a range of initial excitation
energies it is necessary to scan the voltages applied to these transfer lenses. Thus, known the
energy of the incident beam and the kinetic energy of the families of ejected photoelectrons, it is
possible to measure the Binding Energy value (B.E.) using the following equation:

Ex=hv-B.E.-W

where hv is the energy of the incident photon, Ek is the kinetic energy of the ejected electron,
B.E. is the binding energy of the ejected electron, and W is the work function depending on both
the spectrometer and the material.

According to Koopman’s theorem, the measured B.E. corresponds to the energy difference

between the initial state of an atom with “n” electrons and the final state with “n-1" electrons:
B.E. = Efinal (n-1) - Einitial (n)
This is true only if the “frozen orbit” hypothesis (frozen or sudden approximation), is valid (no
relaxation phenomenon after photoemission). In fact, according to this theorem it is believed that

the atomic orbitals remain unchanged upon the ionization. It is known that as a result of ionization,

Appendix 7



the n-1 number of electrons of the ion affects the correlation energy and there is an electronic
rearrangement, but the XPS energy resolution (< 0.5 eV) allows to neglect these effects.

The different atomic species can be identified by their B.E. which depend on the oxidation state
and chemical environment of the analysed atom (chemical shift). Furthermore, electrons from p,

[IP=2]
S

d or f orbitals give two signals (due to the coupling between the spin angular momentum and
the orbital angular momentum “I”’) with separation energy characteristic of the atom (spin-orbit
coupling), while the intensity ratio between the respective areas of the peaks is only as a function
of the type of orbital from which the peaks arise. For the identification of the elements, it can thus
be exploited also their spin-orbit separation. In addition, it should be outlined that the XPS is a
surface technique since the thickness from which the signals arise typically ranges from 0 to 100
A, although the X-radiation penetrates the solid for about 104 A. In fact, the electrons ejected from
core orbitals in the ionization process can be subjected to impact (inelastic scattering) within the

solid, which determines an energy loss not allowing these to reach the surface and be expelled.
Therefore, the sampling depth of the emitted electrons originate is defined as:
d =3A-send
where A is the electron mean free path within the solid (about 30 A) and 0 is the take-off angle
between the sample surface and the analyser direction.
It results evident that the higher the take-off angle the higher the sampling depth.
Finally, with XPS technique it is possible to perform quantitative analyses. XPS peak intensity

I(e1) 1s correlated to the number of emitted photoelectrons and depends on several factors:
I(&i) = Ip x i x 6(&;) X A(&) x D(g))

* Jp: X-ray flux inte nsity;

* 1i: atomic density of the 1 element;

* o (&): cross section for the photoelectron extraction;
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* + (&): mean free path of photoelectrons in the sample;

* < D (g): detector and analyser efficiency.

From the intensities of the peaks, it is possible to obtain the atomic concentrations in the sample
studied through the formula:

cx= T _ (’_> o X
XM Sx Ll
Si
where 1 is the atomic density of the element per volume unit (cm?), S is the atomic sensitivity
factor, and I is the peak intensity.

Before using the intensities of the peaks for the quantitative analysis it is necessary the removal
of the background determined from all those photoelectrons that lose energy before reaching the
detector. Methods to be used for this correction are (i) linear subtraction, (ii) Shirley, and (iii)
Tougaard.

The main components of an XP spectrometer system include a source of X-rays, an ultra-high
vacuum (UHV) stainless steel chamber with UHV pumps, an electron energy analyser, an electron
detector system, a moderate vacuum sample introduction chamber, sample mounts, a sample stage,

and a set of stage manipulators (Figure 4).
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Figure 4. Main components of an XP spectrometer and XP spectra typical of some elements.

Source: X-ray tube consisting of a tungsten cathode and a copper anode coated by aluminium
on a face and magnesium on the other face. These materials are chosen for two reasons:

» energy of the X-ray beam sufficiently high to allow the excitation of the core electrons.

* Full Width at Half Height (FWHM) of the peak usually between 0.7-0.8 eV since the
resolution of the instrument is inversely proportional to the bandwidth of the incident beam. The
electrons produced at the cathode by thermionic effect are accelerated by a potential of 15 keV
and directed towards the anode, because of this collision X photons will be emitted.

Analyser: consisting of two concentric metal hemispheres (electrostatic plates) between which
a ddp is applied. As a function of the potential applied to the grid of entrance (Pass Energy)
electrons will be deflected differently according to their kinetic energy and only those having the
desired Ek will arrive at the detector.

Vacuum System: allows obtaining UHV conditions through turbomolecular and ionic pumps.
Moreover, the system can also be equipped with a titanium sublimation pump.

In this PhD thesis, X-ray photoelectron spectra (XPS) were measured at a 45° take-off angle
relative to the surface normal with a PHI 5000 Versa Probe II system (ULVAC-PHI, INC.,

Appendix 10



base pressure of the main chamber 1 X 1078 Pa). Samples were excited with a monochromatized
Al Ko X-ray radiation using a pass energy of 5.85 eV. Spectra calibration was achieved by
fixing the Ag 3ds2 peak of a clean sample at 368.3 eV. The instrumental energy resolution was
< 0.5 eV. The XPS peak intensities were obtained after a Shirley background removal. The atomic
concentration analysis was performed by considering the relevant atomic sensitivity factors. The
fitting of the Mo 3d, S 2s, C 1s, Nls and Si 2p XP spectra were carried out using Gaussian
envelopes after subtraction of the background, until there was the highest possible correlation
between the experimental spectra and the theoretical profiles. The residual or agreement factor R,
defined by R = [Z(Fobs — Featc)? / = (Fobs)*]'"%, after minimization of the function X(Fobs — Featc)?,

converged to the value of 0.03.>”7 The fitting was performed using the XPSPEAK4.1 software.

Atomic Force Microscopy

Atomic Force Microscopy (AFM) belongs to the family of scanning probe microscopy (SPM),
which can generate images thanks to the interaction between a nanoscale probe and the surface of
a sample. The first SPM technique developed was Scanning Tunneling Microscopy (STM),
invented in 1981 by Gerd Binnig and Heinrich Rohrer for studying the conductivity of materials.
STM operates on the principle of quantum tunneling, which refers to a quantum mechanical
phenomenon where electrons can pass through a potential barrier that they classically wouldn't
have enough energy to overcome. The probability for which this event can occur decreases
exponentially with the distance between the sample surface and the tip, making STM extremely
sensitive to distance changes. In STM, a fine tip, typically made of tungsten, is positioned just a
few nanometers away from the surface of the sample. At such proximity, the electron clouds of
the tip and sample overlap, and when a voltage is applied, electrons can flow through the gap,
creating a tunneling current. As the probe moves across the sample’s surface, variations in the

tunneling current are recorded to generate an image.
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However, the need to image non-conductive materials led to the development of AFM by Gerd
Binnig and Christoph Gerber. While the AFM shares some characteristics with STM, its working
principle is quite different. One major advantage of AFM is its non-destructive nature, in fact, the
forces exerted between the probe and sample are extremely small, typically between 10! and 10-
®N. To put this into perspective, the force between two covalently bonded atoms at a distance of
~0.1 nm is about 10° N, indicating that AFM does not disturb the sample surface. A schematic of

the AFM setup is shown in Figure 5.

Cantilever
Photodiode

Sample

Scanner

Figure 5. Schematic representation of AFM apparatus.

In an AFM setup, a sharp tip (typically a few micrometres in size) scans the surface of a sample,
which is moved along the three Cartesian axes by a cantilever. A feedback system ensures either
"constant force™ or "constant height". A laser beam is focused on the reflective surface of the
cantilever, and when scanning in "constant force” mode, surface height variations cause the
cantilever to deflect, altering the laser beam's path. A photodetector records the change in laser
position and converts it into an electrical signal that corresponds to the sample’s topography.

In "constant height™ mode, the recorded signal is proportional to the force necessary to maintain
a constant distance between the tip and the sample. The AFM instrument can operate in several

different modes depending on how the tip interacts with the sample surface:
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o Contact mode, where the tip physically touches the surface and repulsive forces are
generated.

« Non-contact mode, where the tip is close to the surface but does not touch it, allowing
imaging via van der Waals, electrostatic, magnetic, or capillary forces.

o Tapping mode, where the cantilever oscillates, intermittently touching the sample surface,
which allows high-resolution imaging while minimizing damage to soft or fragile samples.®

In this PhD work, AFM was used to achieve topographic images and roughness information
before and after the TPyP deposition. AFM measurements were done operating with a NT-MDT
modular AFM NTEGRA instrument. A high-resolution silicon tip (ETALON HA_NC type) with
a resonant frequency of 140 kHz + 10%, force constant of 3.5 N/m * 20%, cantilever length of
124 pym £ 2 um, cantilever width of 34 um + 3 um, and cantilever thickness of 1.85 um £ 0.15 pum
features was adopted for the characterisations. AFM scans were performed in semi-contact mode
at room temperature and atmospheric pressure.

Rugosity parameters were assessed using Root Mean Square (RMS) and Roughness Arithmetic
Average (RA). The Peak-to-Peak (PtP) parameter represented the maximum height in the

acquisition. The developed surface area percentage is presented as Sdr value.

Raman Spectroscopy

Raman spectroscopy is a powerful technique used to obtain information about vibrational and
rotational molecular modes. The interaction between the light and the molecules gives rise to some
scattering phenomena, which could be elastic and inelastic. Specifically, if the photons are
elastically scattered, their energy is equal to the incident photons (Rayleigh scattering). On the other
hand, also inelastic scattering could happen, meaning that the scattered photons have either gained
(anti-stokes scattering) or lost (Stokes scattering) energy compared to the incident photons. Stokes
scattering is obtained when the photons’ energy is transferred to the molecule that is, therefore,

excited to a higher vibrational state. On the contrary, an anti-Stokes scattering happens because the
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molecule that interacted with the light was already in an excited vibrational state, so while returning
to a lower vibrational state, it transfers its energy to the photons. Both anti-Stokes and Stokes
scattering are part of Raman scattering, although the intensity of anti-Stokes scattering is typically
lower than that of Stokes scattering because fewer molecules are in an excited vibrational state at
room temperature. Thus, Stokes scattering is usually more commonly observed in Raman spectra.
A typical Raman spectrometer consists of several key components:
e Excitation Source (Laser): A monochromatic light source, typically a laser, is used to
irradiate the sample. Common laser wavelengths include 532 nm (green), 633 nm (red), and
785 nm (near-infrared).
e Sample: The sample is illuminated by the laser, and the scattered light is collected.
e Monochromator: The scattered light is passed through a monochromator to filter out the
Rayleigh scattered light and isolate the Raman-scattered light.
e Detector: The remaining Raman-scattered light is detected by a sensitive detector, typically
a charge-coupled device (CCD), which converts the optical signal into an electrical signal.
* Data Processing System: The Raman spectrum is generated by plotting the intensity of the

scattered light as a function of the Raman shift (measured in wavenumbers, cm™).°

Micro-Raman spectrum (A = 532 nm excitation laser) of MoS,/C composite was collected by a
Horiba LabRAM HR Evolution (Horiba, France) spectrometer equipped with four laser lines (325
nm was the fourth laser). The system has an 800 mm focal length spectrograph for high resolution
and low stray light, with several interchangeable gratings, and includes an open electrode, front
illuminated, cooled CCD detector. The sample was placed under a modular microscope (Olympus
BX-FM) with a suitable objective. For this work, a MPlanFL N x150 NA=0.9 BD (Olympus Japan)
objective with spatial resolution better than 1um was used. The Raman scattered light from the
sample was dispersed by a 600 gr/mm grating and the pixel resolution was better than 2 cm™.

Spectra were normally collected between 100 to 1800 cm™, with a power of up to 3mW, and an
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exposure of 20-100 seconds using 5-20 averages (depending on the signal quality). The system was

calibrated using the Si line at 520.7 cm™ before every measurement session.

Electrochemical techniques

Electrochemical methods are analytical techniques based on the study of processes that take
place at the interface between an electrode and an electrolyte solution. Electrochemical processes
typically involve the transfer of electrons between an electrode and a chemical species in solution;
this electron transfer results in a redox reaction, where oxidation occurs at the anode (loss of
electrons) and reduction occurs at the cathode (gain of electrons). The driving force for these
reactions is the applied potential, which allows for the selective oxidation or reduction of specific
chemical species at the electrode surface. Electrochemical methods can be broadly classified into
controlled-potential and controlled-current techniques. In controlled-potential methods, the
potential of the working electrode is precisely controlled, while the resulting current is measured.
Conversely, in controlled-current methods, the current is controlled, and the potential is monitored.

Several electrochemical techniques are widely used to study the behaviour of electroactive
species: Cyclic Voltammetry (CV), Linear Sweep Voltammetry (LSV), Chronoamperometry (CA),
Differential Pulse Voltammetry (DPV), etc.

CV is one of the most versatile and widely used electrochemical techniques. It involves sweeping
the potential of the working electrode between two set values at a constant rate, first in the positive
(oxidizing) direction and then reversing the sweep in the negative (reducing) direction. The
resulting current is recorded as a function of the applied potential, generating a cyclic
voltammogram. In CV, key features such as peak currents and peak potentials provide information
about the redox processes occurring at the electrode. The separation between the anodic and
cathodic peak potentials can reveal whether the reaction is reversible, irreversible, or quasi-
reversible. Additionally, the magnitude of the peak current is proportional to the concentration of

the electroactive species and can be used for quantitative analysis. In CA, instead, a step potential
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is applied to the working electrode, and the resulting current is measured as a function of time. In
this method, the potential is rapidly changed to a new value, and the response is monitored. The
current initially exhibits a sharp peak due to the rapid establishment of the new potential and the
corresponding concentration gradient. Over time, the current decays as the species at the electrode
surface are consumed and must diffuse from the bulk solution to the electrode. The diffusion-
controlled decay follows the Cottrell equation, which relates the current to time. CA is used to study
reaction kinetics, particularly diffusion processes, and it is useful in determining the diffusion
coefficient of electroactive species in solution.

LSV is similar to CV, but involves a single sweep of the potential, without the reversal step. In
this technique, the potential of the working electrode is scanned at a constant rate in one direction,
while the current is recorded. LSV is often used in the study of redox reactions, as it allows for the
direct determination of the half-wave potential (Ei/2) and provides insight into the kinetics of
electron transfer and mass transport processes.

Finally, DPV is a more sensitive electrochemical technique that applies a series of potential
pulses superimposed on a linear potential sweep. The current is measured at two points during each
pulse: before the pulse and at the end of the pulse. The difference in current is then plotted as a
function of the applied potential. DPV offers enhanced sensitivity and resolution compared to CV
and LSV because the differential measurement minimizes background noise. This technique is
particularly effective in detecting low concentrations of electroactive species and resolving closely
spaced redox peaks. DPV is widely used in trace analysis and the detection of small quantities of
species, such as metal ions, organic molecules, and biomolecules.*

In this PhD thesis, electrochemical measurements for MoS2/C composite and Cu NCs systems
were carried out using a DropSens uStat 400 potentiostat, equipped with the Dropview 8400
software. Specifically, CV, LSV and DPV measurements were performed using SPCE, which

served as both working electrode and counter electrode, whereas the screen-printed silver electrode

Appendix 16



was the reference electrode, (Figure 6). Electrical Impedance Spectroscopy (EIS) was performed

using a Metrohm Autolab galvanostatic potentiostat.

Figure 6. Electrochemical measurements apparatus used in this PhD work.

Electrochemical experiments for [Os]1o/FTO were carried out using a CHI660A electrochemical
workstation. The following configuration of the electrochemical cell was used: [Os]10/FTO on glass
with size 2 cm % 2 cm, 0.5 cm x 1.5 cm, served as the working electrode, Ag/AgCl (Sat’d KCl) was
used as the reference electrode, and a Pt wire was used as the counter electrode. A solution of LiC104

(0.1M in TDW) was used as supporting electrolyte.
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