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Introduction

In the field of sustainability, the Hydrogen is considered a clean fuel
and a renewable energetic source with no pollutant emissions. The most
simple way to produce Hydrogen is from water using electrolysis. One
of the goals on the scientific research nowadays is to find some catalyst
for the water splitting reaction that are cheap, easy to find and also easy
to be synthesized.

Transition metals and their oxides presents a good alternative to criti-
cal materials such as Platinum and Iridium. In particular, the most recent
challenge is to use nanostructured materials to maximize catalytic activ-
ity. In this scope, this work deals with the production of Copper and
Nickel Nanoparticles as catalyst in the water splitting reaction.

First the Nanoparticles will be synthesized using the Pulsed Laser
Ablation in Liquid in organic solvent. This technique is chosen because
is sustainable, cheap, rapid and at high yield of particle production. The
so produced Nanoparticles will be stored in the same solvent in which
they are produced for a long time before the usage. Also the Copper and
Nickel are chosen because of their abundance and low cost.

Then these Nanoparticles must be analyzed to understand their mor-
phology, structure and composition. The following techniques will be
used: UV-Vis-NIR Spectrophotometry, SEM, TEM, XRD, XPS and EDX.

Then the electrodes were prepared by drop casting some u! of Nanopar-
ticles solution on the substrate and will be characterized with SEM and
RBS to find out the amount of deposited material. The chosen substrates
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are Graphene Paper and Nichel Foam because they are cheap, easy to
find and made of abundant and non pollutant materials. The produced
electrodes will be tested both in the production of Hydrogen and Oxygen
(depending on the applied potential) using the following electrochemical
analysis: CV, LSV, EIS and MS.

The electrodes produced in this work will presents only few ug of cat-
alyst and obtain so a lower overpotential (~ 80mV in HER and ~ 60mV
in OER) with respect to the bare substrate indicating a strong electrocat-
alytic activity of the Nanoparticles. The low amount of catalyst material
makes these electrodes comparable with the one reported in literature at
the state of the art.

A deep study of the Nanoparticles alone will show a new phenomenon
non reported in literature: the presence of a polymer all around the par-
ticles that preserve their metallic nature. Also a simplistic model will be
developed to find out the nature of the differences in the overpotential
improvement between the various electrodes relating this parameter with
the electronic properties of the substrate and the Nanoparticles.



Chapter 1

When life gives you water, make
Hydrogen

1.1 The energetic problem

Science by Santa

Remember, bad children
get coal.
Good kids get
| solar panels, which
are much more
fual efficient!

Figure 1.1: Randomly found on the internet.

10
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In the last two hundred years the energy consumption in the world has
grown rapidly, resulting in an increase in the exploitation of energy sources.
First industrial revolution was carried by coal combustion. Within a cen-
tury, thermal engine arrived on the wave of oil derivatives combustion.
Population growth leads to ever greater energy demand but oil reserves
are going to end and the excessive use of combustion as source of en-
ergy brought to environment pollution and climatic changes. To remedy
this problem, new energy sources were investigated: bio fuels, solar en-
ergy, wind energy, hydroelectric energy, geothermal energy, nuclear en-
ergy and so forth [1, 2].

Bio fuels (or more in general biomass) are produced by plants and
garbage and are compatible with old thermal engine technology, but they
have the same problem as the petroleum derivatives: they produce a sig-
nificant amount of carbon dioxides and other pollutants when burnt. So-
lar energy can be a good alternative, but solar panel production is expen-
sive and requires rare elements, so big mines are required to satisfy the
rising demand of rare earths used in all field of technology manufactur-
ing. Also big solar farms cover high terrain surface which can be used
instead for agriculture and the electricity production strongly depends on
the weather. Hydroelectric energy requires dams and artificial lake, that
can also be used as a solution for the rising drought. Nuclear energy is
good for high amount of electric energy production.

These clean and renewable energy sources can be a solution for cities
and industries, but transports are more problematic because traditional
tuels are logistical convenient for avoid long stop time to recharge batter-
ies. Also the production of high power electric accumulators for vehicles
requires a large amount of rare earths and their disposal produce a lot of
non recyclable wastes.

In general an energy source for the future should be easily trans-
portable and able to produce energy in loco. Actual electric lines in fact
disperse energy in form of Joule effect.

As reported in Figure 1.2 and 1.3, most of the energy produced today
come from coal, oil and natural gas. But nowadays price of these raw
materials is rising also due to their scarcity, so an urgent alternative is
required.



CHAPTER 1. WHEN LIFE GIVES YOU WATER, MAKE HYDROGEN 12

(& 6 bills

400 S bills”
300+
200

100 4

ﬂ. -
1900 1920 1940 1960 1980 2000

Figure 1.2: Growth of the world population and energy consumption in the
20th century. The dashed curve shows the population; the curves below show
the energy consumption, broken down into the main energy carriers [3] (1E] =
10%8)).
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Figure 1.3: World electricity production by various energy source [4] (1Wh =
3.6k]).
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1.1.1 Hydrogen as solution

Hydrogen can be a solution to energetic problem because it can be burned
like traditional fuel and can be used in fuel cells to produce electric en-
ergy.

In general hydrogen reacts with oxygen and the overall reaction is:
2H; + Oy — 2H,0 (1.1)

Hydrogen is a clean energy source because it only requires oxygen from
air and produce only water (or aqueous vapour) as waste, so is carbon
free unlike traditional fuels [5]. The chemical burning of hydrogen also
doesn’t produce Nitrogen-based compounds like NO, that is a dangerous
pollutant.

Some of the advantages of hydrogen are [5]:

* high energy conversion efficiencies (defined as useful output energy
divided by total input energy) and ease of conversion to other forms
of energy: thermal energy is easily produced by combustion and
electrical energy in fuel cells;

¢ different ways of production: hydrogen can be obtained by thermal,
electrical and biochemical methods. The most common method is
the electrolysis of water, in which direct current is applied to split
water. Light can help the process with photoactive electrodes. In
water also a very high temperature (2500K) can separate Hydrogen
and Oxygen. Hydrogen can be obtained by fossil fuels for examples
by using plasma arc decomposition. Others method are in the fields
of chemistry and biochemistry;

* Higher heating values (HHV) and Lower heating values (LHV) big-
ger than most of the conventional fossil fuels' (Table 1.1);

In the field of fuel combustion HHYV is the amount of heat produced by the com-
plete combustion of a unit quantity of fuel and is obtained when all products of the
combustion are cooled down to the temperature before the combustion and the water
vapor formed during combustion is condensed. LHYV is obtained subtracting the latent
heat of vaporization of the water vapor formed by the combustion from HHVI6].
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* abundance: can be found in many substances in nature like water,
biomass and fossil fuels;

* different forms of storage and long distance transportation: it can be
stored in tanks in form of gas (at standard temperature and pressure
273.15K and 10°bar) or can be compressed until it becomes liquid.

Fuel HHV (kJ/g) LHV (k]/g)
Hydrogen 141.9 119.9
Methane 55.5 50.0
Gasoline 47.5 44.5
Diesel 44.8 42.5
Methanol 20.0 18.1

Table 1.1: HHV and LHV of some fuels [5].

So, hydrogen is much more efficient than traditional fuels with thermal
technology, is easy to produce and transport and can be used also in other
ways. For all this reasons and some other economic reasons hydrogen is
considered important for the future and, hence, the scientific research in
the next years will focus on it. A lot of interest is directed toward the
hydrogen production from water using electrolysis because is the most
simple and interesting way.

1.2 Electrochemical cell

The most common method to produce hydrogen is the electrolysis of wa-
ter. The apparatus for perform and study electrolysis is the electrochemi-
cal cell [7]. These cells are made up by a can with electrolyte in which two
or three electrode lies. The possible reactions and effects are studied ap-
plying a potential difference between two electrodes and measuring the
current flowing. These electrodes should be standard and well known
with stable characteristics and do not react with the studied species in
solution. Initially this apparatus were used to study the charge transport
in liquid and the possible chemical reactions that happens on an elec-
trode surface that is called Working Electrode (WE). The other electrode
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is called Counter Electrode (CE) and is generally chosen to be inert under
the reaction condition [7].

Each standard electrode has a well known potential evaluated as com-
pared to the Standard Hydrogen Electrode (SHE) whose potential is cho-
sen by convention to be Egyr = 0.000V [8]. The CE must be non reactive
with the electrolyte and also stable. The best CE is a Platinum wire or
disk whose potential is pH dependent:

Exure = (Espe — 0.059 - pH)V (1.2)

This is called Reversible Hydrogen Electrode (RHE) and it’s a special case
of the SHE.

The difference between two and three electrodes configuration is the
presence of a Reference Electrode (RE) that is in potential equilibrium
with liquid. Voltage is measured between WE and RE, current between
WE and CE. A common RE is the Saturated Calomel Electrode (SCE)
whose potential is Egcp = 0.241V + Egyg (at 25°C) respect to the SHE.

f"f-bll g Y
1%#.-"' ..__l_H‘—I I | \"'\-\_IF:.-"'
[

WE RE : WE RE
3
L_-. [

Figure 1.4: Scheme of two and three electrode electrochemical cell [7].
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1.2.1 Water splitting

The reaction performed to obtain hydrogen from water in an electrochem-
ical cells is called water splitting:

2H,O — 2Hy + O (1.3)

This reaction follows different steps in case of alkaline or acidic condition
[9]. In acidic condition there is an higher concentration of H* that act
like charge carriers and the reactions are the following:

Cathode: 4H" +4e~ — 2H,

Anode: 2H,O — Oy +4H " 4e™ (1.4)
The required energy for cathode reaction is EY = —0.83eV, for anode
reaction is E0 = —0.40eV.

In alkaline (basic) condition there is an higher concentration of OH™
and the reactions are the following:

Cathode: 4H,O + 4e~ — 2Hy, +40H™

Anode: 4OH™ — Oy 4+ 2Hy0 + 4e™ (1.5)

The required energy for cathode reaction? is EQ = 0eV/, for anode reaction
is EY = 1.23¢V. In both case |E? + E2| = 1.23¢V so a minimum applied
voltage between electrodes of 1.23V is required to start the reaction.

The starting point to obtain the current behaviour in the cell is the

Nernst Equation [10]:
RT, Co
E=E"+—In=" 1.6
+ nF nCR ( )
where E is the applied potential, E? is the equilibrium voltage of the cell,
T is the absolute temperature, R is the universal gas constant, F is the
Faraday constant, n is the number of transferred electron and Cp and

Cr are the oxidizing and reducing reagents concentration. The currents

%In reference [9] E0 and EY in basic and acidic conditions are inverted.
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j (anodic and cathodic) are strictly related to concentrations C (reducing
and oxidizing) via the relation:

T const-
A const - C (1.7)

where the constant depends on diffusion constants and A indicates the
electrode surface. Substituting Equation 1.7 in the logarithmic part of
Equation 1.6 the Equation become current dependent. Inverting Equation
1.6 is possible to can obtain anodic contribution (reduction) and cathodic
contribution (oxidation) to the current:

) o, -nF
jaje = nFky cexp (”%—#) (1.8)

where the subscript a/c indicates the anode/cathode behaviour, k, /. are
the rate constant of half reaction and depends on concentrations (k,;(Cr),
k:(Co)), a4/ are the transfer coefficients and 7 is called overpotential.
The overpotential in general is given by:

N =E—Egq (1.9)

where E.; is the equilibrium potential at with the total current is null
(jtot = 0). Eeq is not exactly EY but it has some correction due to tem-
perature, basic/acid condition and electron transfer between electrodes
and solution, but can be evaluated experimentally. The overall current is
J = ja + je, but is convenient to express the density current instead of the
current’:

i=j/A (1.10)
So follow the Butler-Volmer Equation:
i =i <exp <%> +exp (%)) (1.11)

where iy is called exchange current and represents the electrodes current
at 7 = 0. When the potential to an electrode is high, the current given by
the other is negligible, so the current can be approximated to:

i ~ igexp (““££”> (1.12)

3In other books and formalism i is the current and j is the current density.
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and this is called Tafel Equation. Taking the logarithm this can be rewrit-
ten as a linear Equation:

SIS

log(i) = log(ip) + (1.13)
where b is called Tafel slope. From graphics representation of log (i) and
17 is possible to fit the linear behaviour and obtain the Tafel slope and the
exchange current. Tafel plot is important because it provides information
associated with the rate determining steps: the exchange current ip = nFk
is given by the reaction rate k, the Faraday constant F and the number
electron involved 7; the slope b = RT/«F is related to gas constant R, the
temperature T and the transfer coefficient a. Usually Tafel plots presents
different linear behaviours, this happen because the overall reaction is
made up by different steps activated at different potentials [11].

.

ll.]
j‘l‘ﬂ

Ja JI"‘_ . n n

3
¥

Log i

Figure 1.5: Left: example of cathode and anode current behaviour; Right: exam-
ple of Tafel plot with different Tafel slopes [9].

To compare different experiments performed in different conditions
two important parameters are usually reported. One is the overpotential
at the given current density of 10mA /cm? [12], the other is the Tafel slope.
Better results involves small overpotential and small Tafel slope.
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1.2.2 Hydrogen Evolution Reaction

The Hydrogen Evolution Reaction (HER) is the set of processes which
lead from water to gaseous hydrogen [13]. The first step involves the
brakes of the water molecule and the adsorption of an hydrogen atom on
the electrode (indicated with M) and it’s called Volmer step:

HO+e +M— M—Hy + OH™ (1.14)

Depending on the coverage of hydrogen atoms two different steps can
occur. At low coverage a new water molecule breaks and the new hydro-
gen atom bonds with the adsorbed forming an H, molecule that leaves in
form of gas. This is the Heyrovsky step:

HyO+e +M—Hyys — Hy+OH + M (1.15)

When the coverage is high, two adsorbed atoms bound each other and
leave, this is the Tafel step:

2M — H,4s — Ho +2M (1.16)

& q 4 ' *0
w0p e

Valmer: Heyrowsiy Process Volmer. Tafel Process

Figure 1.6: Scheme of different process in HER [13].

The reactions can be affected by the binding energy between the elec-
trode and hydrogen atoms. The plot in Figure 1.7 is called volcano plot
and presents the binding energy vs the exchange current for metals [14].
An interpretation of this graph is that when the binding energy is too
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low, the electrode finds it difficult to absorb the hydrogen atoms in the
Volmer step limiting the reaction speed and consequently the current. On
the other side, when the binding energy is too high the electrode easily
absorbs the hydrogen atoms and prevents them to form H; in Heyrovsky
and Tafel steps. A good compromise are the metals that have medium
binding energy, which result in having an high exchange current and so
high performance in HER.

: I
x| :
:‘ 3||' L. ]
£ ¥
£
.E | i
3 5' "
o - i
$ o2,
=ﬂr | Fa
5 s
? -

5 | ks ®u
= | -
= Ea 1
o | q...rn ™ TI‘ s
i ., -
X3 o .
_E | m"’;

| *m
=
il /.

30 50 70 90

M-H Bond Strength . keal mol”’

Figure 1.7: Hydrogen binding energy and exchange current for different metals
[14].

1.2.3 Oxygen Evolution Reaction

Oxygen Evolution Reaction (OER) is the set of processes which lead from
water to gaseous oxygen. Proposed mechanisms (summarized in Figure
1.8) are different for acidic and basic conditions and are composed by dif-
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ferent steps involving the bonding between the electrode and the species

O, OH and OOH [9].
In acidic condition the reactions are:

M+ H,O — MOH + H' +e¢~
MOH + OH™ — MO + HO + e~
2MO — 2M + O,
MO + H;O — MOOH + H" + e~
MOOH + H,O - M40, +H" +e”
In alkaline condition the reactions are:
M+ OH — MOH
MOH + OH™ — MO + H,O
2MO — 2M + O,
MO+ OH™ — MOOH + e~
MOOH +OH™ — M+ O, + HyO

Dz-:ni-"'H : M

H*+e

M-OOH M-OH

+0OH
+H,0,, M-0

Hi-

H-ll-

(1.17)

(1.18)

Figure 1.8: Scheme of OER: blue arrows are acidic reactions, red arrows are basic

reactions [9].
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OER and HER are not mutual exclusive: when the optimal potential
difference is given, OER occurs on the anode and HER on cathode simul-
taneously. In fact at some time is possible to see some bubbles growing
on the electrodes surface and migrates to the liquid surface.

1.3 Liquid and electrode interaction

e

= Spmcifen by adsrtad aron

G. Cymbym-| Mo

] [ E———
Figure 1.9: Representation of the double layer on the left and potential behaviour

on the right. Inner Helmoltz Plane and Outer Helmoltz Plane indicated with x;
and x, [15].

A study of the interface between electrode and solution can help to under-
stand the physical phenomena that occurs on the electrode surface. The
electrode-solution interface has been shown experimentally to behave like
a capacitor [15, 16, 17], so the charge in solution near the electrode is equal
and opposite of the charge in the electrode. The charge on the electrode
is due to an excess or deficiency of electrons and resides in a very thin
layer (less than an angstrom for metals). The charge in solution is due
to an excess of either cations or anions in the proximity of the electrode
surface. The whole array of charged species and oriented dipoles existing
at the electrode-solution interface is called the electrical double layer. The
first layer in solution is called inner layer and contains solvent molecules
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and sometimes other species that are adsorbed on the electrode. The site
of the electric centers of the adsorbed ions is called Inner Helmoltz Plane.
Solvated ions can approach the electrode only to a bigger distance due
to their bigger radius, the center of the this ions is called Outer Helmoltz
Plane. Because of thermal agitation, these ions are distributed in a three-
dimensional region called the diffuse layer. The sum of the charge of
these two layer must be equal to the electrode charge. The charge dis-
tribution induces a potential behaviour showed in Figure 1.9 trough the
electrical double layer.

Figure 1.10: (A) Schematic of an n-type semiconductor and the redox states
in solution (Ox and Red), with their corresponding Fermi level (Ef(,e40x)) and
solvent-reorganization energy (A). (B) Electronic equilibrium between the n-type
semiconductor and redox couple in solution. (C) Situation when the semicon-
ductor is at its flat-band potential V, [18].

In the semiconductor the interaction produces a band bending near
the surface. The energy distributions of the solution states depend on
whether the state is occupied (Red) or vacant (Ox) [18]. The charge ex-
change between the electrode and the solution is a dynamic process lead-
ing to a range of energies good described in terms of separate Gaussian
distributions (Figure 1.10). A Fermi level for the solution Ef(,.4,y) can be
expressed as the energy at which the probability of a state being occupied
by an electron is 0.5 and lies in the middle of the two gaussians.

When a semiconductor is in contact with the liquid, the Fermi levels
of both don’t match, so a charge transfer occurs until the equilibrium
is reached. In Figure 1.10 a n-type semiconductor gives electrons to the
Ox species resulting in a positively charging of the semiconductor and a
upward band bending. Carrier density in semiconductor is much smaller
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than metals and solution itself, so a bigger charge layer (or depletion
region) is placed inside the semiconductor surface.
Charge density p is related to the band potential ¢ via the Poisson

Equation:

2o p

i _6_60 (1.19)
where € and ¢ are the dielectric constant of semiconductor and of the
vacuum. Solution to this Equation gives both the band bending and the
width of the depletion layer W in terms of applied potential V, flat-band
potential Vy,, electron charge e and donor number Ny [19]:

2€€O(V - Vfb)
W = \/ N (1.20)

Flat band potential Vy; is the applied voltage at which there is no band
bending or charge depletion region (Figure 1.10 C).

1.4 Nanotechnology
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Figure 1.11: Number of transistors per microprocessor by year [20].
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Nanotechnologies are present in everyday life as they make up almost
all the objects we use. From computers to sensors, from TVs to cars,
nanotechnologies are the fundamental components that make everything
work. The main element of every electronic system is the MOSFET. It is a
transistor made up by two contacts on a doped semiconductor substrate
and an isolated gate that works like a capacitance controlling the available
charges in the semiconductor and so the conduction of the device. An
empirical law [21] states that roughly every two years, the number of
transistors on microchips will double (Figure 1.11). This was valid in the
past years, but now we are reaching the limit because of the prevailing
quantum effects, for example tunnel effect trough the oxide layer.

The research on manufacturing smaller and smaller devices led to
developing and studying the so called nanostructures and their properties
that find their importance not only in the field of computers.

In general nanostructures are materials in which at least one dimen-
sion is smaller than 100nm but this definition is not so strict [22, 23]. In
this type of structures the electron mean free path is greater than the size,
so quantum effects are dominant and determine the electron properties.
Quantum confinement can happen in one, two or three dimension lead-
ing to respectively 2D (like nanowalls or nanosheet), 1D (like nanorod or
nanowire) or 0D (like nanoparticles or quantum dot) structures. A lot
of new phenomena can be observed and used in this type of structures
because they are quantum phenomena. For example conductance quan-
tization appears when an electric field is applied and the Bohm-Aramov
effect and Landau levels appears when a magnetic field is applied. The
presence of defects lead to the phenomena of Anderson localization giv-
ing the possibility to tune the resistivity by altering the material. Combin-
ing different type of nanostructures in heterostructures can lead to objects
used in every day life like gas sensors, liquid sensor, LED, Laser Diodes,
Resonant Tunneling Diodes, photovoltaic cells, quantum computers and
so forth. Potential applications for nanostructures are likely infinite and
scientific research in this field is very active and profitable.

An important property of the nanostructures is the Surface to Volume
ratio: at smaller sizes this ratio began very high. In a spherical particle,
the number of surface atoms and number of the bulk atoms are linked to
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the radius by the following trend:

N; 1
N R (1.21)
This is important because all effects related to surface are enhanced when
the radius is small and so when the atoms are few. In fact nanostructures
are highly used for sensing because the interaction with the sensor and
the gas/liquid heavily modified the surface electrical properties and so
the whole electrical properties improving the sensing properties of the
material.

1.4.1 Nanotechnologies for Hydrogen production

In previous Sections the current behaviour of the electrochemical cell was
expressed in terms of current density (eq 1.10). In current density there is
a dependence of surface, so nanostructuring the electrodes to increase its
exposed surface could be an approach to reach higher performances (eq
1.21). In fact, high surface electrode can be a good starting point for the
study of HER and OER. On the market nanoporous system like Nichel
Foam or Copper Foam can be found at relatively low price. Also system
made up by nanowires or Carbon Nanotubes are easy to produce.

Combining different materials with different performance in HER and
OER is also an approach to have more powerful electrodes, in particular
the use of a substrate decorated with nanostructures of different cata-
lyst materials. Here Nanoparticles play an important role with their high
surface to volume ratio and feasibility of production, but also interac-
tion between Nanoparticles and substrate can contribute. In proximity
of nanostructures the electrical double layer (Figure 1.9) behave different
than near the substrate surface and also the binding energy with hydro-
gen atoms are different. This nanostructures can be active site for the
requested reaction working like catalyst and lowering the overpotential
and/or the Tafel slope. Hence in this work the characteristics of this type
of system will be studied in detail.

This approach leads to the use of another important parameter in ad-
dition to Overpotential and Tafel slope: the catalyst loading or in alterna-
tive the mass activity. The catalyst loading is simply the mass of catalyst
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on a specific surface (expressed in mg/cm?). The mass activity is the
density current that flow trough the catalysts (expressed in A/mg). Over-
potential is evaluated for convention [12] at 10mA/ cm? so is the mass
activity:

2
10mA/cm [mA} (122)

Mass activity = Catalyst loading | mg

1.5 Common reported materials for HER and OER

As seen in Figure 1.7, best metals for HER are Platinum, Rhenium, Rhodium
and Iridium. Also, HER works better in acidic conditions because of the
higher concentration H ions that can be easily adsorbed on the metal
surface. Precious metals like Platinum are very stable in every condition,
but more common materials like Copper, Nickel or Iron are heavily af-
fected by the acidic condition and electrodes will be destroyed rapidly
during the use.

The best exploited materials for OER are RuO, and IrO; [9], but also
some alternatives like perovskites, spinels and metal chalcogenides are
investigated and presents good performance.

1.5.1 Low cost metals

Platinum and Iridium are very rare, expensive and difficult to mine [24],
so now the scientific community is focusing on find some cheap and com-
mon and eventually easily synthesizable materials.

A little below the top of volcano plot (Figure 1.7) there are Gold,
Nickel, Copper and Iron. Except for Gold, the others are cheap and abun-
dant, but high reactive to the acids. A solution to prevent the corrosion of
these metals is to work in alkaline conditions [24]. Another solution is to
create nanostructures to increase surface area and to create active spots
that act like catalyst for the reaction. Some reviews [13, 25, 26] reports
good results for catalyst made up by Nickel and Copper for HER. Even
alloys and other chemical composites result to be competitive.

Some reviews [9, 27] in the field of OER shows that hydroxides and
oxyhydroxydes made up of transition metals works good and the be-
haviour Ni > Co > Fe > Mn > Cr is observed in catalyst performance.



CHAPTER 1. WHEN LIFE GIVES YOU WATER, MAKE HYDROGEN 28

Also Nanoparticles and nanostructures in general are used and leads to
valuable results. This is why one of the research main topic is about the
use of nanotechnology to equal and surpass the results already obtained
with precious element combined with low cost and non-polluting tech-
niques and materials.

However the starting point is the study of the bare substrate and then
analyze the effect of nanostructures to find the best combinations.

1.5.2 State of the art

The state of the art in electrode manufacturing for HER and OER is here
briefly summarized by some reviews. Most of them reports only the
Overpotential and Tafel slope [9, 13, 25, 27, 28] because most works focus
only on this values and don’t report the mass activity or other parameters
(several relevant data are collected in Tables 1.4 and 1.5). A complete
collection of data about catalyst loading and mass activity is given by
[24] and reported in Figures 1.12 and a selection of most relevant data is
collected in Tables 1.2 and 1.3. Catalyst loading is reported in ug/cm? to
stress the fact that a very few amount of catalyst is used.
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Figure 1.12: (a): Representation of data in Table 1.2, (b): Representation of data
in Table 1.3[24].
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Catalyst ~ Overpotential
) Material loading  (mV)
Catalyst ~ Overpotential (ug/cm?) at 10mA/cm?
Material loading  (mV) acidic conditions
2 2
(pg/em?) atlomAjem™ — y . 1r0, 200 350
acidic conditions 3RUO,@SiO, 750 297
MoS,/rGO 280 154 ,
[Mo3S13)?-clusters 10 180 2Rqu@C@SlOz 740 270
CoyFey_,P nanocubes 350 72 IrNi NCs 13 280
Fey5Cog5P thin film 250 160 [rOx — Ir 133 293
Feg25Co0.75P thin film 250 158 Ir-black 133 331
Fe,P thin film 250 192 BiIr,07 402 360
Ni,P thin film 250 210 IrO; — RuO,@Ru (3:1) 379 281
MoP|S thin film 250 132 Ir3RuO; 379 293
C-shell coated FeP/C NP 440 71 RuO, (CM) 379 289
Ni2 P@NPCNFs 337 63 IrOOH nanosheet 200 344
N@MoPCx-800 140 108 6H-SrIrO3 900 248
CoP@NC-NG 280 135 IrO, 900 300
Pt NP 1 32 CrosR1ig 40, 279 178
ALD50 Pt/NGN 1.58 40 Ruy — Pt;Cu 16 220
10Pt@HN-BC 12 47 alkaline conditions
Pt NIs@f-MWCNT 3.8 84 Fe — Ni NP 29 311
Pr-GT1 L4 18 3DGN/CoAI-NS 50 252
O,-based ALD Pt 35 48 .
Ny-based ALD Pt 35 46 N{ — Fe — Se cages 100 240
400-SWNT/ Pt 0.57 27 Niz7Zn(OH)y 50 290
Pt/C 20 o5 CFO/rGO 100 340
Pt /vulcan 1 30 NiCo-NS 70 334
Pt/Mxene 12 30 NiCoy54 70 337
alkaline conditions NiCoy04 70 377
Nig33C00.6752 NWs 300 88 Ni — Fe film 27 280
NiO/Ni-CNT 280 80 Co30,@MWCNT 50 309
CeO,/Ni-CNT 140 91 NiggFep10x 1 336
Co/Co304-nanosheets 850 100 Nig5Co05/NC 100 300
CoP /CarbonCloth 920 250 Co/NC 100 384
MoCy 800 151 NiFe/NF 32 215
Mo,C@NC 280 60 NiFe-LDH 100 270
MOZC NP 102 176 NiO 140 364
PtCo — Cg/TiM 43 28 Ni 140 377
Pt/C/Ni(OH)2 60 90 10, 136 393
Pt NWs/SL-Ni(OH) 16 48 IrNi NCs 13 270
Pt3Ni3 NWs/C-air 15 40 10 140 330
Pt/NiO@Ni/NF 92 34 Ru 02 130 350
Pt/C 286 46 2
Pt@Ni/NF 113 51 Ir/C 28 380
Commercial IrO,/C 360 400
IrO, NPs 200 339

Table 1.2: Some of the most important
results in HER, data from [24] reporting

Table 1.3: Some of the most important
Overpotential at 10mA/cm? and cata-

: results in OER, data from [24] reporting
lyst loading. Overpotential at 10mA/cm? and cata-
lyst loading.
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ial Overpotential
. Overpotentia Tafel slope Matesial s, Tafel slope
Material (mV) , (mV/dec)
10mA/ 5 (mV/dec) at 10mA/cm
at 10m cm Reference [28]

Reference [13] NiFe oxides 300 40
CuTi NP 50 110 CoMnP 330 61
NiO/Ni/CNT 80 82 N oxides - 320 52

. ererence
IIY isP CNPP 231 Tf RuO, on Ti 2400124 39

t—Coa RuO, on FTO 358 55
pt/C 20 65 1rO, on Ir 270(124) 91
RhyP NF 9 38 IrOz on Ti 290(1244) 61
NizN NF 45 97 CaFeO3 on GCE 390 47
CoNPs/N-rGO 59 105 cotuon oc pe o

. 0304 on
Ni(Cu)VOxNE 21 28 Co304 nanocube on GCE 580 60
Ni/NiO 90 41 CoCry04/CNT on GCE 326 51
Ni—S—OHNF 179 120 NiOOH on Pt/ Au 375(524) -
Reference [28] Ni(OH), on Au 410(1114) _
NiMo 185(20224) 112 Iéeferf;me [27] 256 “

u—1r

MoS, 150 41 Cu@NiFe porous NP 199 28
FeP 55 38 Cu@graphidyne/Co nanotube 311(500%) 148
Ni/C 34 41 CuO nanofibers 475 59
Cuios Tis 60 110 CuFe;04 NP 340 94
Reference [25] CuNiO, nanosheet 350 120

. mA Cu — Pt core-shelINP 200 =
NiMo nanopowder | 70(202+3) - Cut/C1u30/CuO porous NP 290 64
CoP on Ti 85(20?:7[;) - Cup0/Cu core-shell nanorods 350 68
Ni,P 130(20224) - ?’E“g porous ggg gg

uCoU nanowires

MoS, 1GO 15% - CusP/C NP 320 51
pt/C 50(20m) - NiFe/Cu,0O nanowires 215 42

Table 1.4: Some of the most impor-
tant results in HER, data from wvari-
ous reviews reporting Overpotential at
10mA/cm? and Tafel slope.

Table 1.5: Some of the most impor-
tant results in OER, data from vari-
ous reviews reporting Overpotential at
10mA/cm? and Tafel slope.

1.6 Aim of this work

The aim of this work is to find and study a low cost and non pollutant
alternative electrodes good for both HER and OER using nanostructures
fabricated in a simple way.

In particular Copper and Nickel NPs were synthesized using Pulsed
Laser Ablation in Liquid technique. These NPs were, then, characterized
using various instrument and analysis. Then electrodes were created de-
positing NPs on different substrates and performance in HER and OER
were evaluated. In this work only few amount of NPs will be used, trying



CHAPTER 1. WHEN LIFE GIVES YOU WATER, MAKE HYDROGEN 31

to find a competitive alternative to Platinum and Iridium catalyst in HER
and OER [24].

The reason that lies behind the use of Pulsed Laser Ablation in Liquid
is that is rapid and cheap, and does not create waste and does not re-
quire big apparatus, but only a laser [29]. This could be an alternative to
industrial methods for NPs synthesis that involve sputter and dewetting
techniques. In fact an alternative way to directly produce electrodes dec-
orated with NPs involves a thin film deposition using sputter: once the
sample is loaded in the machine the vacuum condition must be reached
and the chamber filled with an inert gas whose atoms are ionized and
accelerated toward the metal target. The impact extract atoms from the
target that travel in the chamber and reach the substrate and form a film,
but a lot of atoms reach also the chamber walls and so are wasted. Once
the thin film is formed a thermal processing is needed to bring the film
in the liquid phase and agglomerate in NPs (dewetting). This can be
performed into a oven (also vacuum and inert gas are required) or with
laser irradiation. This last process is performed in air so the hot NPs
can oxidize. However the high temperature can induce some irreversible
modification to the substrate. The overall process requires a lot of time,
equipment and steps and the amount of catalyst must be choose first.

Pulsed Laser Ablation in Liquid instead create NPs simply shooting a
laser beam on to a target that lies in a liquid and so the NPs are stored in
the same solvent, so do not react with air and can be stored for long time.
Electrodes are created simply by dropping some drops of solution on the
substrate and let it dry. The amount and also the spatial distribution of
catalyst on the substrate is easily controlled and performed without spe-
cial equipment. The overall process to create NPs is easy, rapid and cheap
and can hopefully help the industrialisation of Hydrogen production.

1.6.1 Next Chapters
Next Chapters will be about:

* Synthesis and characterization of NPs: first the theory of Pulsed
Laser Ablation in Liquid (PLAL) is explained; then the produced so-
lution of NPs are presented and analyzed with UltraViolet - Visible -
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Near InfraRed (UV-Vis-NIR) spectrophotometry, Scanning Electron
Microscopy, Transmission Electron Microscopy, X-Ray Diffraction,
X-Ray Photoelectron Spectroscopy and Energy Dispersive X-Ray; in
the end theoretical considerations and simulation are conducted to
understand the nature of NPs.

¢ Electrodes preparation and characterization: first the production
parameters of the electrodes are presented and some analysis are
conducted to quantify and qualify the NPs on the electrode us-
ing Rutherford Backscattering Spectrometry and Scanning Electron
Microscopy; then electrochemical measurements (Cyclic Voltamme-
try, Linear Sweep Voltammetry, Electrochemical Impedance Spec-
troscopy, Mott Schottky); in the end results are explained with the-
oretical considerations.
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Chapter 2

Synthesis and characterization

This Chapter will describe the techniques for the synthesis and the mor-
phological, structural, compositional characterization of the Copper- and
Nickel-based NPs. First, NPs are produced via Pulsed Laser Ablation in
Liquid and stored at 4°C in the same solvent in which they are produced
to avoid air contamination and prevent agglomeration. Then analysis
were conducted to evaluate morphology, structure and composition of
the NPs.

2.1 Pulsed Laser Ablation in Liquid

Pulsed Laser Ablation in Liquid (PLAL) is a recent technique allowing a
fast and easy production of colloidal solution. The main advantage of this
technique is that it works at room temperature and pressure and does not
require furnace or pressure systems like other techniques [1, 2]. Figure
2.1 shows the Pulsed Laser Ablation in Liquid (PLAL) set-up scheme and
the he fundamental processes acting at the surface of the target interacting
with the laser beam.

The experimental apparatus requires an optical table that prevent ex-
ternal movement to affect the system. Laser beam starts horizontally and
a reflective mirror deflects the laser beam at 90°. Then a convex lens focus
the laser beam toward a Teflon vessel containing a solid target immersed
on a liquid. The lens can be moved upside down to change the spot area.

37
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Figure 2.1: Typical scheme of Pulsed Laser Ablation in Liquid apparatus and
schematic of the NP creation mechanism [3].

Figure 2.2: Cavitation bubble behaviour in time obtained with high speed cam-
era [3]. After bubble collapsing, a smaller one is created.

When the laser beam collides on the target, the high energy in small
area leads to formation of plasma and a shockwave. This shockwave leads
the formation of a cavitation bubble of liquid vapour due to the energy
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exchange between the plasma phase and the liquid environment. The
cavitation bubble expands really fast and cool down. In the hot spot, the
target material breaks in some NPs that are carried away by the bubble
expansion and are released in the solution.

NPs only interact with the solvent and are not exposed to air. Thus,
NPs purity depends only on the solvent and target purity. With Gold and
Platinum almost every solvent produce pure metallic NPs, but ablating
transition metals in different solvents typically leads to oxide-based NPs
synthesis [2]. For example, in literature it has been reported that Copper
target ablated in water leads to the production of Cu;O NPs [4], while
in organic solvent Cu metallic spheres are mainly synthesized, but also
nanorods and nanocubes formation have been reported due to different
experimental conditions [5]. Confinement of NPs in the solution prevents
the releasing of NPs in air, so the technique is safe for operators.

2.1.1 Laser parameters

The solvent is important because establishes the composition of the nanos-
tructures. Also, other NPs properties, such as size, are strictly correlated
to the laser parameters.

First of all laser must be a pulsed laser and not a continuous one. The
reason behind that are that laser pulses carries a lot of power with respect
to a continuous one. For example 1ns pulse of 250u] have a peak power
of P = E/t =25-1074]/107% = 2.5-10°W = 0.25MW [2]. All this
power allows the laser to locally melt the target digging a hole in it while
all the extracted and dispersed material are the so wanted NPs.

The rate of ablation, setting the productivity of the technique is a
parameter that measure the efficiency of the process and can be expressed
in mass of ablated target per time [2]. The productivity depends on some
other important laser parameters: wavelength, fluence and pulse duration
[6].

At small wavelength (UV light) the energy that every photon carries
is higher than IR light, so photons can trigger more electron transitions
inside the target. Therefore, the productivity of an UV laser is higher than
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an IR laser. Also, shorten wavelengths mean higher cross section!, this
means that NPs dispersed in solution absorb and drastically attenuate
the beam in UV. The attenuation is present also in IR, but the effect is
much lower. In general IR lasers are preferable because the productivity
does not vary significantly during the ablation process (Figure 2.3) and
also they are cheaper than UV laser.

Laser fluence is defined as:

P Pulse energy ]
~ Laser spot area | cm?

(2.1)

Productivity has been observed to go logarithmic with fluence (Figure
2.4). The reason behind this behaviour is that at fixed spot area, higher
energy can dig deeper in the target and pull away more material. While
at fixed energy, a low surface helps to concentrate the energy which oth-
erwise will be dispersed on the target. The spot area depends on the lens
position or working distance.

Pulse duration is also important because shorter pulses do not give
the target enough time to dissipate the heat and so all the material in the
region affected by the pulse is extracted. As shown in Figure 2.5 produc-
tivity drastically decrease with the pulse duration. Actually, femtosec-
ond (10~1s) lasers are the best for PLAL, but nanosecond (10~%s) lasers
are more common and cheaper. If pulse duration is lesser than electron
phonon scattering, it is called "cold ablation" (obtained with femtosecond
lasers). Hence with greater pulse duration it is called "hot ablation" be-
cause within the laser pulse duration the electrons thermalize, heating
the target [8].

The repetition rate is the number of pulses per second. With high
repetition rate, the incoming pulse can encounter the cavitation bubble
formed by the previous one (Figure 2.2), being attenuated and/or scat-
tered leading to a decrease of the productivity. To prevent this, a lower
repetition rate or a motorized stage for the target position can be a solu-
tion.

Particles size depends on the interaction with solvent, but also on the
ablation time: big particles in solution have high probability to be ex-

ICross section for Rayleigh scattering goes with the inverse of the square of the
wavelength o ~ 1/A2. Hence, the particles absorb mostly in the UV than in the IR [7].
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posed to laser beam and be fragmented. Small particles absorb predom-
inantly in UV range and so are likely unaffected by IR beam, whereas
bigger particles mainly absorb in the IR range and have higher cross
section. The size distribution of PLAL-obtained NPs tipically presents
a small amount of big particles and a bigger amount of small particles
following a lognormal distribution.

Figure 2.3: Schematic of the laser ablation of metals in liquids at different wave-
lengths in absence (a) and presence (b) of colloidal particles. Equal energy den-
sities were assumed for all laser spots. The diagram in (c) (linear scales for both
axes) demonstrates the effect of an increasing colloidal concentration on the NP
productivity in PLAL at different wavelengths [6].

Figure 2.4: Illustration of the laser ablation of metals in liquids at different flu-
ences varied by the pulse energy (a) and the working distance (b). The diagram
in (c) shows how the fluence variation caused by different initial spot sizes af-
fects the NP productivity in LAL in the high-fluence regime. A Gaussian beam
profile was assumed. In (c), both axes scale linearly. The arrow and the less
dense (dashed) line style in (c) indicate the trend in productivity induced by a
smaller initial spot size [6].
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Figure 2.5: Illustration of the laser ablation of metals in liquids at different pulse
duration neglecting non-linear effects. Thermal losses (a) and self-shielding by
plasma (b) of pulses of different duration regimes. The diagram in (c) demon-
strates how the coupling constant of electrons and phonons affects the NP pro-
ductivity in PLAL, depending on the laser pulse duration. A change of the
coupling constant was assumed to have no influence on other material proper-
ties. In (c), the y-axis scales linearly. In (c), the arrow and the less dense (dashed)
line style indicate the effect of a longer coupling time of electrons and phonons
of the target material on productivity [6].

2.2 PLAL produced colloidal solutions

For this work, Copper an Nickel NPs were produced using the PLAL
technique in different solvent. NPs were produced using a Nd:Yttrium
Aluminium Garnet (Nd:YAG) nanosecond pulsed laser. The laser is ex-
tensively described in Appendix A. Methanol and Ethanol were used as
solvent because in literature PLAL in these solvents has resulted in pure
metal NPs (Nickel in methanol, Copper in methanol) and oxide-based
NPs (Copper in methanol), while in pure water oxides are produced
[5,9,10]. The reason behind this choice is that Nickel, Copper and Copper
oxide are good catalysts for HER and OER as reported in Tables 1.2, 1.3,
1.4 and 1.5. Organic solvent may seem dangerous because their vapour
can burn due to laser beam, but some practical precautions avoid this.
Copper and Nickel target were polished with isopropylic alcohol to re-
move surface impurity and then weighted with a microbalance Sartorius M5
(100ug precision). Targets were placed at the bottom of a Teflon vessel
then filled with 8ml of solvent. Laser parameters: 10ns pulses at 1064nm
wavelength, repetition rate 10Hz, mean output power 5W. The focusing
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lens was placed at 9cm respect to the target to avoid solvent vapours to
condense on the lens surface and burn. In Table 2.1 are reported the pro-
duced solutions, the used solvent and the ablated mass. The ablated mass
is obtained by weighting the target after the ablation and find the mass
difference before and after.

The laser used in this work produces pulses of 500m], that is ~ 2000
times more energetic than the laser used for other works [5, 9, 10]. This
different energy will lead to new phenomena resulting from the interac-
tion between the laser and the target even different from literature.

Sample name ‘ Solvent  Ablation time Ablated mass

Cu_met methanol 8 min 0.09mg
Cu_et ethanol 10 min 0.13mg
Ni_met methanol 10 min 0.40mg

Table 2.1: NPs solutions summary.

Within the same solvent (methanol) and in the same time (10 minute)
Nickel has a higher ablation yield than Copper (about 4 : 1). The Cop-
per ablated mass is similar for methanol 0.09mg and for ethanol 0.13mg.
Ablation time was chosen after some attempts to have slightly the same
ablated mass for Copper.

From Figure 2.6 is possible to see slightly different shades of colours of
the obtained solutions. In particular the solution of Copper in ethanol re-
sulted slightly pink, while Copper in methanol is slightly grey and Nickel
in methanol is more transparent.

Solutions were stored at +4°C. After two days the solutions show
dark sediment on the bottom of the storing vials. This is not surprising
because NPs tends to aggregate to minimize surface energy [2]. To pre-
vent this, some surfactant (usually organic molecules) can be added to
the solution and cover the whole surface of the metal particles bonding
with some surface atoms. This layer prevents bonds whenever particles
collide for brownian motion. For our purpose, pure NPs are needed, so
no surfactant were added. Before performing analysis, solutions were
handshaked and sonicated for 15 minute to break agglomeration and re-
disperse the NPs.
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Figure 2.6: NPs solutions, from left to right: Cu_et, Cu_met, Ni_met.

2.3 Measurement and analysis

In this Section all the measures and the analysis conducted on the NPs
are presented with a first interpretation of the data.

2.3.1 UV-Vis-NIR spectroscopy measurement

The optical measurement on the NPs solution were conducted using the
Varian Cary 500 Spectrophotometer described in the Appendix B.

A quartz cuvette was used for the optical measurements. The absorp-
tion spectrum was acquired in range 200 — 1070nm to cover UV strong
absorption and the visible range in which plasmonic peaks of Copper
appear. The spectra were acquired on the as prepared solution and after
two days.
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Absorption spectra of Copper solutions just after the synthesis (Figure
2.7(a)) show both a clear peak around 600nm and a large shoulder at
higher wavelengths that slowly decrease to zero as expected in the IR
region. At lower wavelengths the absorption increase as expected in the
UV region. The central peak clearly refers to a plasmonic peak that clearly
identify the metallic Copper [11, 12, 13, 14]. According to the Mie theory,
the position and shape of this peak depends on the shape and size of the
NPs and can be also affected by a shell oxide that shift them at higher
wavelengths.

Nickel solution instead presents a smooth behaviour at high wave-
lenghts, a peak near 320nm and a significant absorption toward the UV.
Also in this case, the peak position depends on the NPs morphology and
gives sign of the metallic Nickel presence [11, 15, 16].
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Figure 2.7: (a): Absorption spectra of NPs solutions after synthesis and (b):
absorption spectra of NPs solutions after two days in the fridge.

Figure 2.7(b) shows the absorption spectra after two days. All sam-
ples present a smoother behaviour with high absorption in UV and low
absorption in IR. Cu_met still presents its peak at ~ 600nm, Cu_et com-
pletely loose their characteristics and Ni_met become very smooth with a
barely perceptible peak at ~ 320nm. This change is due to agglomeration
of NPs that was not completely broken by the sonication process.
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2.3.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) analysis (see appendix C) where
conducted to first obtain a morphological information on NPs. Samples
were prepared by drop cast 20u! of solutions on a Silicon substrate (rinsed
with deionized water and dried in N;) and then dried on a hot plate.
Particles analysis were conducted using Image] software [17].

2.3.2.1 Copper in methanol

Figure 2.8 shows Copper NPs produced in methanol. In Figure 2.8(a)
lot of NPs are widely distributed on the substrate. Some NPs have size
close to the SEM resolution. High magnification images show also some
agglomerates of two or more particles and a non perfect circular shape
suggesting a spherical shape.

Size distribution analysis was conducted setting a brightness thresh-
old in Image] software and using the automatic algorithm of the software
that counted 1008 particles, this thanks to the sharp contrast between the
particles and the substrate. Another threshold was set on the dimension
because particles smaller than 15nm radius are barely visible or not well
defined. A check in order to verify the accuracy of the algorithm result
was done. The NPs distribution in Figure 2.8(d) shows a lognormal trend,
as already reported in literature regarding PLAL-based NPs production

[2]:
f(x) = 1 exp (_lnz(x—/xc)) (2.2)

xXwA\/ 27T 2w?

where x. is the median of the distribution and w is the scale parame-
ter related to the distribution width. The peak value (the distribution
mode) is given by x, = exp(In(x.) — w?) while the mean value is given
by x = exp(In(x;) + w?/2). A geometric standard deviation can be de-
fined as o = In(w) = /(X ni(In(x;) — In(xc))?) / ¥;n;. The distribution
is not symmetric so this two parameters will be reported for now on in-
stead of mean and standard deviation. This distribution is the statistical
result of the multiplicative product of many independent random positive
variables and so f(x) goes to zero with x [18, 19].

For these NPs the statistic shows a large amount of small particles
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and few bigger ones. The fitted distribution curve reports x, = 47nm and
w = 0.67 with the most representative value x, = 30nm.
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Figure 2.8: (a),(b),(c): Cu_met NPs on Silicon substrate at different magnification.
(d): Statistic of 1008 particles fitted with a lognormal distribution (x, = 47nm,
w = 0.67).

2.3.2.2 Copper in ethanol

Figure 2.9 shows SEM images of Copper NPs produced in ethanol at
different magnifications. An overall inspection shows big NP clusters
(Figures 2.9(a) and 2.9(b)), but a close inspection shows small particles
between the clusters (Figure 2.9(c)). All these small particles seem to be
circular or at least ellipsoidal. The Copper in ethanol presents an higher
aggregation degree than in methanol.
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Size distribution analysis in Figure 2.9(d) was conducted by measur-
ing each particle outside the clusters (the ones inside the clusters were not
distinguishable). In total 135 particles were measured and their size dis-
tribution follows a lognormal distribution. The fitted distribution curve
reports x, = 43nm and w = 0.69 with the most representative value
xp = 28nm.

Pl oy

Figure 2.9: (a),(b),(c): Cu_et NPs on Silicon substrate at different magnification.
(d): Statistic of 135 particles fitted with a lognormal distribution (x, = 43nm,
w = 0.69).

2.3.2.3 Nickel in methanol

Figure 2.10 shows SEM images of Nickel NPs produced in methanol at
different magnifications. Big linear cluster are made up by giant spherical
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particles and some jagged frames. High magnification images show small
particles all around giant particles and between the clusters forming other
smaller clusters, but too small to be distinguishable.

Size distribution analysis in Figure 2.10(d) was conducted by measur-
ing one by one the particles of the clusters counting 487 particles whose
size distribution follows a lognormal distribution. The fitted distribution
curve reports x, = 484nm and w = 0.47 with the most representative
value x, = 388nm.

Figure 2.10: (a),(b),(c): Ni_met NPs on Silicon substrate at different scales. (d):
Statistic of 487 particles fitted with a lognormal distribution (x, = 484nm, w =
0.47).
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2.3.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) analysis (see appendix D) was
conducted in order to obtain a more detailed morphological information
on small particles not accessible with the SEM. High resolution TEM pro-
vides information also on the crystallinity of the particles which allows
extracting compositional informations. Only Copper solutions were ex-
amined (both methanol and ethanol) due to lab disposability. Samples
were prepared by drop cast some yul of sonicated solution on a Carbon
lacey grid.

2.3.3.1 Copper in methanol

Figure 2.11 shows a collection of Copper NPs produced in methanol at
different magnifications. Figures 2.11(a), 2.11(b), 2.11(c) and 2.11(d) show
a large amount of particles of very different sizes. Most of them are cir-
cular, but some particles appears ellipsoidal maybe because they are the
aggregate of two smaller particles. In Figure 2.11(b) some NPs present
white stripes. These are the Moire patterns formed due to the superpo-
sition of two different lattices with small differences. In Figure 2.11(d)
the crystal planes of some particles are clearly visible. These TEM images
allowed to extract structural information about the NPs.

Size distribution analysis in Figure 2.11(f) was conducted by measur-
ing one by one the particles that appear distinguishable. In total 892
particles were measured and their size follows a lognormal distribution
with a fitted curve that reports x. = 2.1nm and w = 0.62 with the most
representative value x, = 2.0nm. This distribution indicates a dimension
much smaller then the one obtained with SEM analysis in Figure 2.8(d)
because of the higher resolution of the TEM. Also the bigger particle ob-
serve with SEM here are not present: the size distribution of Figure 2.11(f)
stops at ~ 20nm radius. Figure 2.11(e) shows a big particle that turns out
to be formed by many small agglomerated particles. This indicates that
the big particles observed with SEM are nothing but agglomerates.
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Figure 2.11: (a),(b),(c),(d),(e): Cu_met NPs on Carbon lacey grid at different
magnifications. (f): Statistic of 892 particles fitted with a lognormal distribution
(xc = 2.1nm, w = 0.62).
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2.3.3.2 Copper in ethanol

(a)

; | e

Figure 2.12: (a),(b),(c): Cu_et NPs on Carbon lacey grid at different magni-
fications. (d): Statistic of 130 particles fitted with a lognormal distribution
(xc = 3.3nm, w = 0.52).

Figure 2.12 shows a collection of Copper NPs produced in ethanol at
different magnifications. All the particles seem to be embedded in a un-
known matrix that extends outer the grid. Most of the particles seem to
be circular, but no specific analysis can be conducted due to the embed-
ding in the unknown substance which did not allow to acquire higher
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resolution images.

Size distribution analysis in Figure 2.12(d) was conducted by mea-
suring one by one the particles that appear distinguishable. In total 130
particles were measured and their size distribution follows a lognormal
distribution with a fitted curve that reports x. = 3.3nm and w = 0.52 with
the most representative value x, = 2.5nm, indicating a dimension much
smaller then the one obtained with SEM analysis in Figure 2.9(d). This
size is similar to the one obtained for Cu_met and in both case there is no
presence of a shell around the particles.

2.3.3.3 High resolution TEM

To better understand the particle nature, high resolution images are taken
of the Copper NPs produced in methanol. A first close inspection allows
to identify crystal planes on small particles. Some of these particles (Fig-
ure 2.13) also present one or more twin defects, a clear sign of the strong
non equilibrium process that happen during laser ablation.

Figure 2.13: Two small particles with twin defects (Cu_met).

The distance between crystal planes are typical of each compounds
and allows to identify the particle nature. With this high resolution TEM
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is possible to measure the interplanar distance and in some cases even
the single atoms are visible and distinguishable.

Analysis were conducted with Gatan DM3 software [20]. To obtain the
interplanar distance, a line profile was taken perpendicular to the visible
atom lines. This line is expanded in form of rectangle to help eyes in
alignment and integrate over the width to help cover the image noise. The
line profile is reported in form of histogram and the distance between two
peaks in the line profile represents the interplanar distance and the error
corresponds to the bin size. The x axis is nm while the y axis report the
integrate image intensity. Another approach is to perform a Fast Fourier
Transform (FFT) on a square region where the atomic planes are clearly
visible and measure the distance between the central spot and the other
bright spots with an error that depends on the pixel size.

Figure 2.14(a) shows a large particle (compared to scale) in which the
single atoms are visible and at least three crystallographic direction can
be identified. The FFT (Figure 2.14(b)) is performed on the red square
box and clearly shows six brilliant spot symmetric with respect to ori-
gin. Each couple of spots represent a crystallographic direction and the
line that connects the spot to the center is perpendicular to the crystal
plane due to the mathematical formulation of the FFT. These three crys-
tallographic directions are marked with numbers in both Figures 2.14(a)
and 2.14(b) and the relative line profiles are reported in Figures 2.14(1),
2.14(2) and 2.14(3). The direction (3) is very noisy both in line profile
and FFT in fact presents a bit higher interplanar distance (0.23 &= 0.01nm
line profile, 0.23 £ 0.02nm FFT) than the others (0.21 £ 0.01nm line profile,
0.22 + 0.01nm FFT). Figure 2.14(b) also presents other less brilliant spots
all around central hexagon. The ones aligned with the highest intensity
spots are a second order effect of the FFT and results in a distance half
the previously reported. The others refers to planes with a distance of
0.13 = 0.01nm but are very confused.

Figures 2.15(a) and 2.15(b) shows a very small particle in which the
single atoms can be identified and its Fourier transform. Even if three
crystallographic direction can be identified, only the most relevant will
be considered (in this case the quasi vertical planes) to avoid high uncer-
tanties.

Figures 2.15(c) and 2.15(d) shows a particle with a defect and its



CHAPTER 2. SYNTHESIS AND CHARACTERIZATION 55

Fourier transform. The right side presents atomic planes misaligned with
the electron beam direction and appears unclear, but the left part shows
bright atomic lines. The FFT indeed clearly shows only two bright sym-
metrical spots and also the second order spots.

Figure 2.14: (a): High resolution TEM of a Cu_met NP and (b): its FFT. (1),(2)
and (3): the line profiles in the three marked crystallographic directions.
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Figure 2.15: (a): A very small particle (Cu_met) with clearly visible atoms and
(b): its FFT. (c): A particle (Cu_met) with strong visible atomic line and (d): its
FFT.

In general interplanar distance obtained trough FFT differs from the
one obtained with line profile because of the image noise. Mean values of
interplanar distance are 2.2 + 0.2A for line profile method and 2.1 4 0.1A
for FFT method.

All the measured values are reported in the Figure 2.16. Horizon-
tal dashed lines are the interplanar distance for Copper (blue) and CuO
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(green) with the reported crystallographic direction evaluated with soft-
ware CaRIne Crystallography [21]. Copper has a Face Centered Cubic
lattice whose most suitable plane is (1,1, 1) with a spacing of 2.087A. CuO
instead has a Monoclinic lattice whose most suitable planes are (1,1,1)
with a spacing of 2.316A and (—1,1,1) with a spacing of 2.516A. All the
measured values lies between Cu and CuO and has a lot of variation for
very small particles. The less brilliant spots reported in Figure 2.14(b) sug-
gest a distance (1.3 + 0.1A) similar to Cu(2,2,0) (1.278A) or CuO(2,2,0)
(1.371A) but the error is to high to strict identify the composition.
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Figure 2.16: Plot of measured interplanar distances with error bars against parti-
cle radius of Copper NPs produced in methanol. Horizontal lines are the planes
distances for some crystallographic direction obtained with [21].

Both line profiles and FFT were taken considering the nearest atomic
lines or brlliant spots, so planes given by second order Miller index can
be excluded. All the data reported in Figure 2.16 lies around Cu(1,1,1)
suggesting that the particles are mostly metallic, but the high variability
of the interplanar distance of the small particles cannot exclude that few
of them are CuO.
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High Resolution TEM for Copper NPs produced in ethanol presents
the problem of the unknown substance and allows to see only a very small
amount of particles with distinguishable crystal planes. Figure 2.17(a)
shows some particles not well defined with visible planes. Figure 2.17(b)
reports the measured distances with the errors that are bigger than the
previous. This values suggest metallic Copper.

Figure 2.17: (a): An example of Copper NPs produced in ethanol with visi-
ble crystal planes. (b): Plot of measured interplanar distances with error bars
per particle. Horizontal lines are the planes distances for for Cu(1,1,1) and
CuO(1,1,1) obtained with [21].

2.3.3.4 Electron Diffraction

Another result obtained by the TEM is the electron diffraction. The
diffraction pattern of the Copper NPs produced in Methanol is given
in Figure 2.18. This pattern presents a lot of circles with some brilliant
spots. The circles are originated from all the small NPs with different ori-
entations, while the spots come from some bigger monocrystalline par-
ticles. A circular patter was simulated using CrysTBox software [22] for
Cu, CuO and Cuy0. Only the metallic Copper circles match the data and
the brightest one correspond to {1,1,1} plane, the one indicated in figure
2.16 around which all the data is located.

The analysis was not conducted on Cu_et NPs because of the presence
of the unknown substance
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Figure 2.18: (a): Diffraction pattern of Cu_met NPs with adjusted contrast to
distinguish up to five circles. (b): Image produced by [22] with half Cu simulated
rings and half experimental data with marked crystal plane.

2.3.4 X-Ray Diffraction

Another technique that can point out the NPs nature is the X-Ray Diffrac-
tion (XRD) because can analyze their composition (see appendix F). Sam-
ples were prepared by drop casting a large amount of solution (less than
a ml) on a quartz substrate (Corning Glass). A large quantity of material
is necessary because XRD is a bulk technique.

Figure 2.19 presents the XRD diffractogram of Copper NPs produced
in methanol. The vertical lines are the tabulated peaks positions for
metallic Cu, CuO and Cu,O with relative intensities [23, 24, 25]. At low
angles there is a descending behaviour indicating the amorphous sub-
strate. First sharp peak appears at ~ 43°, another one at ~ 50° and a
smaller one at ~ 74° indicating respectively Cu(1,1,1), Cu(2,0,0) and
Cu(2,2,0) planes. The overall diffractogram is noisy for except these
peaks and does not evidence trace of oxides.
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Figure 2.19: (a): Cu_met XRD spectrum (black), Vertical line are Cu (red), CuO
(blue) and Cuy0 (green) peaks with high corresponding to relative reported in-
tensities [23, 24, 25]. (b): Zoom on the main peaks region (20 = 40 — 55°).

Figure 2.20 presents the XRD diffractogram of Copper NPs produced
in ethanol. Also in this case the behaviour at low angles indicates the
amorphous substrate and the observable peaks correspond to metallic
Cu peaks with no evidence of oxides. An exception can be the peak at
~ 36° that can indicate a small presence of Cu,0, but can also be noise
because the main peak of Cu,0 at ~ 38° is not present.
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Figure 2.20: (a): Cu_et XRD spectrum (black), Vertical line are Cu (red), CuO
(blue) and Cuy0 (green) peaks with high corresponding to relative reported in-
tensities [23, 24, 25]. (b): Zoom on the main peaks region (20 = 40 — 55°).

Figure 2.21 presents the XRD diffractogram of Nickel NPs produced
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in methanol. The vertical lines are the tabulated peaks positions for
metallic Ni, NiO with relative intensities [26, 27]. First sharp peak ap-
pears at ~ 44°, another one at ~ 51° and a smaller one at ~ 76° indicat-
ing respectively Ni(1,1,1), Ni(2,0,0) and Ni(2,2,0) planes. No trace of
oxides are present, but all the peaks are shifted at lower angles, maybe
due to a calibration issue.
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Figure 2.21: (a): Cu_et XRD spectrum (black), Vertical line are Ni (red) and NiO
(blue) peaks with high corresponding to relative reported intensities. [26, 27] (b):
Zoom on the main peaks region (20 = 40 — 55°).

2.3.5 X-Ray Photoelectron Spectroscopy

A technique that can point out the chemical composition of the NPs sur-
tace is the X-Ray Photoelectron Spectroscopy (XPS) (see appendix G).
Samples were prepared by drop casting some ul of solution on Silicon
and letting it dry on a hot plate. The study of the spectrum is conducted
by checking the tabulate peak on the XPS handbook [28].

2.3.5.1 Copper in methanol

Figure 2.22 presents the XPS spectra of Copper NPs produced in methanol
with two high peaks corresponding to Oxygen (~ 531eV) and Carbon
(~ 285eV). At low binding energy there are two peaks corresponding to
the Silicon substrate (~ 151eV and ~ 99¢V). At high energy, but very low
intensities there are the typical peaks of Copper (~ 933e¢V and ~ 953eV)
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and an Auger peak of Oxygen (~ 978eV). The presence of Silicon peak
indicates that not all the substrate is covered by particles. The low inten-
sity of Copper peaks suggest that a very few amount of NPs is present of
the substrate or these particles are somehow screened. This last hypothe-
sis is supported by the strong peaks of Carbon and Oxygen coming from
the solvent. The Oxygen presents its peak at 532.6eV, this chemical shift
is come from SiO; indicating an oxidation of the substrate. The Carbon
presents its peak at 285.7eV, this chemical shift is come from the alco-
hols. The Copper presents its peak at around 933.5¢V but there is also a
shoulder that suggest another peak.
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Figure 2.22: (a): Cu_met XPS survey spectra. (b): Same spectra with marked
Copper (red), Oxygen (blue), Carbon (green) and Silicon (orange) peaks [28].

Figure 2.23(c) shows the high resolution spectrum on the energy scale
of the Copper peak. Figures 2.23(a) and 2.23(b) shows the literature spec-
trum [28] respectively for metallic Cu and CuO. The secondary large and
lower peak at ~ 945¢V is present only in the oxide but the one reported in
literature is much more intense than the one measured. The main peak is
at ~ 933eV that lies between metallic Copper (933eV) and CuO (933.8¢V).
This suggests an intermediate nature of metallic Cu and CuO, but preva-
lently Cu. Figure 2.24 shows that the main peak is the convolution of two
peaks: one at 933.4eV that lies between metallic Copper and CuO and
another one at 935.5¢V that may come from some compounds involving
Copper and Carbon.
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Figure 2.23: High resolution XPS spectra of the Copper peak in (a): metallic
Copper [28], (b): CuO [28] and (c): Cu_met NPs. The plots are deliberately in
the same x-axis range.

Figure 2.24: Deconvolution of Copper peak using [29]. There is a main peak at
933.4eV and another one at 935.5¢V.
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2.3.5.2 Copper in ethanol

Figure 2.25 presents the XPS spectra of Copper NPs produced in ethanol
with the two high peaks of Oxygen and Carbon. The peaks of Copper are
absent and the Silicon ones are really low in intensity. This suggest that
the unknown substance seen in Figure 2.12 completely screen the Copper
signal. Also in this case the Oxygen chemical shift (533.6eV) suggests
Si0; and the Carbon chemical shift (285.6eV) suggests alcohols.
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Figure 2.25: (a): Cu_et XPS survey spectra. (b): Same spectra with marked
Copper (red), Oxygen (blue), Carbon (green) and Silicon (orange) peaks [28].

2.3.5.3 Nickel in methanol

Figure 2.26 presents the XPS spectra of Nickel NPs produced in methanol
with the two high peaks of Oxygen and Carbon. Also in this case the Oxy-
gen chemical shift (532.8¢V) suggest SiO, and the Carbon chemical shift
(286¢V) suggest alcohols. The Nickel presents its peak at 856.3eV suggest-
ing Ni(acac), (Nickel acetylacetonate) or some other Carbon compounds
at least on the NPs surface.
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Figure 2.26: (a): Ni_met XPS survey spectra. (b): Same spectra with marked
Nickel (red), Oxygen (blue), Carbon (green) and Silicon (orange) peaks [28].

2.3.6 Energy Dispersive X-Ray

Information about the composition of the NPs are provided by Energy
Dispersive X-Ray (EDX) using the X-Rays emitted from the previously
used samples inside the TEM (see appendix C.3) working in Scanning
Transmission Electron Microscopy (STEM) mode. The analysis was con-
ducted only on Cu_met NPs because of the substance that cover all the
particles in Cu_et sample will prevent valuable results. Analysis were
conducted using Gatan DM3 software [20].

Figure 2.27 shows two STEM images and the EDX analysis with some
color map. Figure 2.27(a) presents three NPs, Figure 2.27(b) a bigger
one. The Copper (green) is present only inside the NPs while Carbon
(blue) and Oxygen (red) are present uniformly outside the NPs. The
particle marked as "1" in Figure 2.27(a) is low contrasted in the STEM
image, in fact results covered of Carbon and Oxygen in the color maps.
Particles marked as "2" and "3" exhibit a higher contrast and presents a
hole especially in the Carbon map.
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Figure 2.27: (a),(b): STEM images of Copper NPs produced in Methanol on
which EDX analysis are performed. (c),(d),(e): Color map indicating the pres-
ence of Copper (green), Carbon (blue) and Oxygen (red) of image (a). (f): Color
map indicating the presence of Copper, Carbon and Oxygen of image (b).

Figure 2.28(a) presents the EDX spectrum of the three particles marked
in Figure 2.27(a). Particles "2" and "3" presents a most relevant Copper
peak with respect to other elements. Oxygen and Copper peaks have
slightly the same height in the same NPs. Some impurity are present
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like Mg and Si. Figure 2.28(b) presents a line profile with the percentage
of presence of Copper (green), Carbon (blue) and Oxygen (red) across
the particle in Figure 2.27(b). This figure in particular and more in gen-
eral this analysis indicates that the particles are made of metallic Copper,
presents no shell and are embedded in a medium that contains both Car-
bon and Oxygen.
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Figure 2.28: (a): EDX spectrum of the particles marked in Figure 2.27(a) ("1"
red, "2" black and "3" green).(b): Line profile with the percentage of presence
of Copper (green), Carbon (blue) and Oxygen (red) across the particle of Figure
2.27(b).

2.4 Understanding the data

Previous data seems to suggest that PLAL produced metallic NPs, but
some point should be clarified:

¢ The nature of the unknown substance around the Copper NPs pro-
duced in ethanol (Section 2.3.3) and the reason behind the absence
of the Copper peaks in XPS (Section 2.3.5).

* The meaning of the UV-Vis-NIR spectra (Section 2.3.1).

In this Section some hypothesis and simulation are conducted to clar-
ify the previous points and better understand the data.
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241 Polymer shell around particles

Figure 2.29: (a): TEM image of a big particle made up of many small NPs
clusters in Cu_met. (b): SEM image with straight horizontal lines due to charge
accumulation in Cu_met.

The nature of the unknown substance that encloses the particles of Cop-
per synthesized in ethanol seen in Figure 2.12 can be attributed to a poly-
mer that embeds the particles formed from the solvent during the laser
ablation process. The idea behind the consideration of a polymer around
the particles come from extreme process that occurs during the Pulsed
Laser Ablation in Liquid. In fact in proximity of the laser spot, there is
the formation of a cavitation bubble of vaporized solvent at high temper-
ature that can heavily modify the chemical composition of the solvent.
In support of this hypothesis there is the fact that all the XRD measures
presented in Section 2.3.4 were performed after three month of deposi-
tion: the NPs results to be metallic, but the Copper oxidizes rapidly in
air [30]. So the preservation of metallic nature of the particles over a long
time indicates the presence of a protective coating. Also the strong differ-
ence of size distribution between SEM (Section 2.3.2) and TEM (Section
2.3.3) can be explained with the polymer. The few big particles visible
with TEM analysis results to be the agglomeration of smaller particles
and the polymer is the glue that keeps them together as in Figure 2.29(a).
Also the presence of polymer should affect the electric conductivity due
to its insulating properties. This idea is supported by some artifacts seen
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in Figure 2.29(b) around the bigger particles of the cluster indicating a
charge accumulation due to non conductivity. Also EDX data (Section
2.3.6) support the polymer hypothesis: Carbon and Oxygen are uniform
between the particles and sometimes cover them.

24.1.1 Pulsed Laser Polymerization

An entire technique developed by chemists uses the laser pulses to start
the polymerization from gaseous organic compounds (Pulsed Laser Poly-
merization) [31, 32], but there are no recent studies that involves methanol
or ethanol polymerization. The idea behind this technique is that UV ra-
diation (or at least electrons) can break some chemical bonding by res-
onating with them and so creating polymeric chains. The laser used for
this works is typically working in the UV region and involve vaporized
precursors, but a recent review [33] shows how this process happen also
in traditional PLAL. In fact the cavitation bubble contain vaporized sol-
vent and both the heat and the eventual hot metal can act like catalyst
to form this polymers. In this case both ethanol and methanol are re-
ported to form HC,CHj3 or C,,H, compounds with a laser wavelength of
1064nm using a graphite target, but no further studies on the nature of
the polymer was conducted.

Another technique is the plasma polymerization, that involves the
plasma generated from a RF electric field to induce chemical reaction in
the precursor vaporized in the chamber. In particular ethanol is reported
to form a polymer film [34, 35]. The process in this case is activated by
the plasma and involves the ethanol vapour, the idea is that in the cavi-
tation bubbles this two elements (plasma and vapour) are present as well
and so the mechanism of polymerization could be the same. Surely more
chemical knowledge is needed to fully comprehend this process.

2.4.1.2 Polymer XPS peak

Polymer film reported by [34, 35] is characterized with XPS and the Car-
bon peak is surprisingly similar to the one observed in Section 2.3.5 for
all the samples.

By comparing the spectrum reported in Figure 2.30, Copper NPs pro-
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duced in ethanol presents slightly the same behaviour of the reported one,
so there could be polymer coating. This coating seems to be big enough
to prevent photoelectrons emitted from Copper to reach the detector and
completely screen the NP signal.

Copper and Nickel NPs produced in methanol present a sharper peak
shifted at slightly higher energies that also indicate a polymer.
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Figure 2.30: (a): Carbon XPS peak from [34] where are presented also C — C
bonds (blue dashed line), C — O bonds (red dashed line) and C = O bonds

(green dashed line). (b): Carbon XPS peak for Cu_met (red line), Cu_et (green
line) and Ni_met (blue line).

2.4.2 Optical simulations

In order to understand the relation between absorption spectrum and
particle size and distribution, some simulations were conducted. This
simulation will provide the extinction cross section cy;. Extinction is
given by the sum of two effects: the absorption and the scattering. When-
ever the light encounter a small NP, it can be absorbed or scattered by
the NP surface. The total cross section is related to the absorption via the
Beer-Lambert law (Equation B.5).

The relation within spherical particles and light absorption is well
described by the Mie theory [11, 36, 37]. This theory starts from the
Drude models for electrons.
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2.4.2.1 Drude model

Some electrons in metal can behave like free electrons because metals
have no bandgap between conduction and valence band. Whenever an
electromagnetic wave affects a metal NP, free electrons start responding

as follow: 22 N

mea—tzr -+ mefa—:f‘ = eEge ! (2.3)
where m, is the electron effective mass, I' is a damping constant, e is the
electron charge, Ey is the amplitude of the incident electric field and w is
the incident field frequency. From the position r, the dipole moment is
given by p = er and the polarization by P = np where 7 is the numeric
density of electrons. Polarization and incident electric field are related by
the polarizability a, P = naE. Polarizability can be expressed in relation

to the dielectric function €:
1
€e—1=—nu (2.4)
€0
From the solutions of (2.3) the dielectric function is:
2

p
_— 2.5
w?2 4+ iwl 2.5)

e(w)=1- v

where the relaxation constant I' = vr /[ is related to Fermi velocity vr and
electron mean free path I and w, = /ne?/egm, is the plasma frequency.
This relation can be extended to all band transitions adding a sum:

2 2
w Wi
—1-—Ft 4 al 2.
e(w) w? +iwl * > w}z — w? — iwYy; (26)

where w; depends on the energy difference AE; = fiw; between two bands
or levels with its own plasma frequency w,; and damping constant +y; that
depends on the the inverse of the level lifetime.

2.4.2.2 Quasistatic response of a small metal sphere

When the particle radius is much smaller than wavelength R < A, the NP
act like a dipole and responds to the electric field in a quasi static way.
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Whenever the sphere is placed inside a medium, the ratio between inter-
nal and external field is obtained by applying the boundary conditions to
Maxwell Equations:
Ei . 3€m
Eo €+ 2en
where ¢ is the metal dielectric function and ¢, is the medium dielectric
function. The polarizability can be redefined as:

(2.7)

€—€m
€+ 2ey

Cross section depends on the polarizability « and the wave number k =
27/ A as follow:

x = 47eyR3 (2.8)

Osca = EAbs(oc)2 (2.9)
e ’
Oaps = kIm(a) (2.10)
Oext = Ogps + Usca (211)

the subscripts indicate respectively scattering, absorption and extinction.

2.4.2.3 Mie theory

A relevant parameter is the size parameter defined as:
x = |k|R (2.12)

When x > 1 geometric optic is valid, when x < 1 the quasi static ap-
proach is valid, elsewhere Mie theory must be used.

In 1908 Mie applied Maxwells Equations with appropriate boundary
conditions in spherical coordinates using multipole expansions of the in-
coming electric and magnetic fields to solve the scattering problem. Start-
ing point is the Helmoltz Equation:

(V2+K)U(r) =0 (2.13)

Solutions can be express in spherical coordinates U(r) = R(r)®(0)P(¢).
The overall solution express cross section in the form of a sum of the
contributions of different multipoles of order L:

21 &
Text = T2 LZjl(zL +1)Re(ar +by) (2.14)
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Osca = —”2 Z (2L +1) (]aLF + ]bLF) (2.15)

Oabs = Oext — Usca (2.16)

where a; and by are functions of size parameter and refractive index (ratio
between the refractive index of the particle and the medium m = n/ny,)
an the order L. These functions takes L from the Riccati-Bessel function
Y, and Riccati-Hankel function ¢r:

_ g (mx) () — 9] (m) g1 (0

g (m)e] (x) — ¥ (mx)EL(x) o)

by = PP () — () () |
(1)

r.(mx)&y (x) — myp )
In computations the sum can be truncated at L = 6 because high order
multipoles gives negligible contributes.

Another Mie hypothesis states that dielectric function should be size
dependent. In particular in the free electron part in the Equation 2.6 the
relaxation constant I' should be reconsidered. An interpretation of this
hypothesis is that if free electrons mean free path is bigger than the NP
size they can scatter on particle surface [38]. New I' will depends on the
old Iy, on the Fermi velocity vr and on an effective mean free path [, ¢

I

Leff

Effective mean free path /s depends on NP radius, but no specific rela-

tion is present in literature. Some works report a polynomial behaviour
[38, 39] that fit well to the experimental data.

(2.18)

2.4.2.4 Core-Shell particle

Cross sections can also be evaluated for a core-shell spherical NP.

In the quasistatic response, the shell presence induce a modification
of the polarizability « that depends on the shell dielectric function €; and
the thickness d:

3
(€5 — €m) (€ +2¢5) + <Ri+d> (€ —€s)(em + 2es) 437T(R+d)3 (2.19)

= (€s +2€m) (€ + 2€5) + (%)3(6_65)(265—67;1)
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In this case R is the core radius and not the whole radius. Cross section
are evaluated from « as before (Equations 2.10, 2.9 and 2.11).

In the case of Mie scattering, relations between core (no subscript),
shell (subscript s) and medium (subscript ;) are involved:

ml:ni mZ::_s x=kR y=k(R+d)

A, — mapr (max)pp (mx) — magpp (max) (s x)

B mgxr (max) @l (myx) — my x| (mox)gr (myx)

g, — M2yr(max) gy (mix) — myyp (max) (mx)

5 max (max) (myx) — mayl (mox) xp,(myx)
oy — PLOL(may) — ALxi (may)) — mayy (y) (Yu(may) — ALxe(may))
CL(y) (¥p (may) — ALxy (may)) — magy (y) ($r(may) — ALxr(may))
by — M2YLW) (Y1 (may) — Bux (may)) — $1.(y) ($r.(may) — BLxs (may))
ma8r(y) (Yr (may) — Buxy (may)) — &1 (v) ($r(may) — Brxi(may))

Here there are Riccati-Bessel function ¢y and Riccati-Hankel function ¢y
and x. Cross section are evaluated from the functions a; and by as before
(Equations 2.14, 2.15 and 2.16).

2.4.2.5 The refractive index problem

To compute Mie cross section some solution are available and easy to use.
An online tool [40], a free software [41], a Matlab script [42] and also a
Mathematica script [39] can be found online with relative documentation.
For the simulation in this work, the Mathematica script [39] was used as
inspiration, but heavy changes and implementation have been performed
to understand the meaning of the absorption spectrum.

In any case, the starting point is the dielectric function or the refractive
index: n = /€y but the magnetic permeability is considered negligible
for every material in this energy range: u ~ 1. Refractive index can be
found tabulated in an online database [43] or in a handbook [44]. For the
case of Copper, a lot of refractive indexes are reported (Figure 2.31). They
maintain likely the same trend, but are very different. This happen for
every metal because they have been studied with different approaches,
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so the problem is figuring out which one to use. Instead for the oxides
data are more difficult to find and the few reported are defined only in a
narrow range. However in the handbook [44] are present both CuO and
Cuy0 in the desired range. The search was fruitless for NiO. Methanol
and ethanol can be found in the online database [43].
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Figure 2.31: Real part (a) and imaginary part (b) of the reported refractive index
for Copper. At low wavelengths they have the same behaviour, but diverge at
high wavelengths.

24.2.6 Computation

Computations were made using Hangeman refractive index from [43] for
Copper (because it lay in the middle of the other curves), Palik refrac-
tive index from [44] for CuO and Cuy;O, Moutzouris and Kozma refrac-
tive index from [43] for Methanol and Sani refractive index from [43] for
Ethanol.

Quasistatic case (Figure 2.32) show a descendent behaviour in the
range 200 — 600nm for every particle size and a small peak before 600nm.
No differences for particle size are evident except for the scale.

Mie scattering computations (Figure 2.33) shows a completely differ-
ent behaviour. Small particles recall the quasistatic case as expected. In-
creasing the particle size, the small peak before 600nm starts growing
in intensity and broadening and shifting to high wavelength: this is the
electric dipole peak. At a radius of ~ 120nm another peak appears at
A =~ 600nm. Also this peak starts growing in intensity (more than the
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dipole) and broadening (it stay more sharp than the dipole) and shifting
to high wavelength (less than the dipole): this is the electric quadrupole
peak. At a radius of ~ 200nm the electric octupole peak appears. Elec-
tron mean free path in Copper is reported to be 39.9nm [45], at this size
quasistatic approach dominate, so size correction of Equation 2.18 was
not used. Absorption spectrum of Copper NPs solutions in Figure 2.7(a)
resemble the quasistatic case for small wavelength and Mie case (radius
~ 150nm) for higher wavelength due to the large shoulder that is nothing
but the large electric dipole peak.

The simulated spectra at the laser wavelength (1064nm) presents a
cross section that grows with the particle size. The biggest particles so
are not transparent to IR light and can absorb the laser beam again and
be fragmented in smaller ones. This explain the very small radius of
the particles obtained with TEM in Figures 2.11(f) (Cu_met) and 2.12(d)
(Cu_et).
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Figure 2.32: Quasistatic case extinction cross section for different radius of Cop-
per NP from 5nm to 60nm with steps of 5nm.
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Figure 2.33: Mie extinction cross section for different radius of Copper NP from
10nm to 200nm with steps of 10nm.
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Figure 2.34: Mie extinction cross section for Copper NP of 15nm radius covered
with different (a): CuO and (b) Cuy0 shell. (c): Schematic representation of
core-shell structure for different colors in the legend. The legend is the same for
all graphs.

The effects of an oxide shell are also simulated (Figure 2.34) using a
15nm radius sphere as starting point and adding various shell. The peak
part (after 600nm) behave similar to the metal particle except for the peak
sharpness (more sharp for Cu,0O than CuO). The region before 600nm acts
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different, increasing the cross section at small wavelength with the shell
thickness. Comparison with Figure 2.7 suggest no Cu,0O shell because the
main peak is not sharp.

2.4.2.7 Particle distribution

SEM and TEM images indicate the presence of particles of different size
with a proper distribution. The total cross section o(w) come from the
contribution of every particles by integrating the size depending cross
section ¢ (w, r) multiplied by the (normalized) size distribution f(r) over
an infinite range. This cannot be realized computationally so the distri-
bution become discrete and the integral become a sum over a finite range
(from r = 0 to a certain r = R where the distribution is ~ 0) [39]:

r=R
/Ooof(r)a(w,r)dr 20 fr)e(w,r)
o(w) = =

_ — (2.21)
/0 f(r)dr ;) £(r)

2.4.2.8 Best results

Best results are obtained using a log normal distribution to represent the
small particles (1 ~ 20nm radius) in combination with a gaussian distri-
bution that represents the big particles (up to 200nm radius). Parameter
were adjusted to match IR zone (big particles) and UV zone (small par-
ticles) separately and then joint together. An automatic fitting routine
was not implemented due to high computation times and to preserve
the physical significance of the all parameters related also to the other
measures.

Cu_met spectrum in Figure 2.7(a) is similar to one simulated using
a gaussian distribution with y = 120nm,oc = 5nm (mean and standard
deviation) and a lognormal distribution of x, = 2.1nm,w = 0.62 (TEM
distribution in Figure 2.11(f)) in Figure 2.35. Cross section depends also
on the numbers of particles so to match the scales the lognormal was
multiplied by 6000. This implies there are much more small particles
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than big ones. In particular, the simulation matches very well the zone
with wavelength < 300nm and perfectly match the zone > 800nm.
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Figure 2.35: Best results: simulated spectra for Copper in methanol, gaussian
distribution (¢ = 120nm, ¢ = 5nm) plus lognormal distribution (x, = 2.1nm, w =
0.62) in radius with different weights (yellow) and Cu_met absorption data
(blue).

Cu_et spectrum in Figure 2.7(a) is similar to one simulated using a
gaussian distribution of y = 145nm, o = 15nm and a lognormal distribu-
tion of x, = 3.3nm, w = 0.52 (TEM distribution in Figure 2.12(d)) in Figure
2.36. To match the scales the lognormal was multiplied by 7000. Also in
this case the small particles are way more than the big ones. In particular,
the simulation perfectly match the zone with wavelength > 700nm.

Simulations with oxides layer did not produced any matching spec-
trum, so this simulations suggest pure metals NPs. Even simulation of
combination of small oxide NPs and bigger pure metal particles did not
produced reasonable changes in spectrum. A polymer layer of any thick-
ness does not produce any change in absorption or scattering because the
used refractive index n = 1.55 [35] is real and similar to the solvent one.
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Figure 2.36: Best results: simulated spectra for Copper in ethanol, gaussian dis-
tribution (4 = 145nm, 0 = 15nm) plus lognormal distribution (x, = 3.3nm, w =
0.52) in radius with different weights (yellow) and Cu_et absorption data (blue).

In both cases simulations suggest the presence of a large amount of
small particles and very few bigger particles. Bigger particles however
contribute a lot to cross section, this catches the eye looking at the scale
in Figures 2.32 and 2.33 and their order of magnitude. But in previ-
ous Section was proved that the big particles are nothing but agglom-
erate of small particles. The matching optical spectrum especially in the
high wavelength region indicates that this agglomerates optically acts like
metal spherical particles even if they are partially made of polymer. More
in general this simulation works ONLY with spherical particles, in fact
that spectrum and simulation wont match in the region 300 — 600nm, in-
dicating non spherical particles. But this mismatch can come also from
some other physical phenomena involving smaller agglomerates of metal
NPs and polymer.

Simulation on Nickel did not produced any valuable results especially
in matching the strong absorption in the UV region of Figure 2.7(a). The
fault may be the strong difference in the tabulated refractive index or the
presence of chemical compounds on the surface highlighted by XPS.
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2.5 Summary

Here it is a final summary of the all the analysis and measures conducted
on the NPs. The following Tables contains the analysis conducted, the
results obtained and the reference Section of this Chapter were they are
discussed.

Copper NPs produced in methanol (Cu_met) characterizations are
summarized in Table 2.2. These particles are metallic sphere of radius
~ 2nm covered by a polymer that forms clusters.

The same situation and size, but with a thicker layer of polymer, is for
Copper NPs produced in ethanol (Cu_et), whose characterizations are
summarized in Table 2.3.

Nickel NPs produced in methanol (Ni_met) characterizations are sum-
marized in Table 2.4. These particles are metallic spheres (radius ~
480nm) covered by a polymer and aggregated in clusters.

Analysis \ Result \ Section
Optical | Metallic Cu, Mostly sphere, Clusters ;Z; 3
SEM Big spheres (x. = 47nm, w = 0.67) 23.21
Small spheres (x, = 2.1nm, w = 0.62) 23.3.1
Presence of agglomerate of small NPs
TEM . :
Interplanar distances suggests metallic Cu | 2.3.3.3
Electron diffraction indicates metallic Cu | 2.3.3.4
XRD Metallic Cu 234
Mostly metallic Cu, Presence of polymer | 2.3.5.1
XPS
Surface compounds 241
EDX Metallic NPs 236

Presence of polymer

Table 2.2: Characterization of Copper NPs produced in methanol (Cu_met).
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Analysis \ Result \ Section
Optical | Metallic Cu, Mostly sphere, Clusters | 2.3.1,2.4.2.8
SEM Spheres (x. = 43nm, w = 0.69) 2322
Small spheres (x; = 3.3nm, w = 0.52)
TEM | Presence of thick polymer 23.3.2,23.33
Interplanar distances of Cu
XRD | Metallic Cu 234
XPS Presence of thick polymer 23.52,241

Table 2.3: Characterization of Copper NPs produced in ethanol (Cu_et).

Analysis \ Result \ Section
Optical | Metallic Ni, Clusters 231
Big spheres (x, = 484nm, w = 0.47)
SEM Linear clusters 2323
Big NPs decorated with small NPs
XRD Metallic Ni 234
xps | Lresence of polymer 2353241

Surface compounds

Table 2.4: Characterization of Nickel NPs produced in methanol (Ni_met).
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Chapter 3

Electrochemical measurements

This Chapter will describe the techniques used for the preparation of the
electrodes and the measurements conducted on them. The electrode char-
acterization is performed by Scanning Electron Microscopy and Ruther-
ford Backscattering Spectrometry. Electrochemical measurements are per-
formed using Cyclic Voltammetry, Linear Sweep Voltammetry, Electro-
chemical Impedance Spectroscopy and Mott Schottky. The thoretical
background of the electrochemical tecniques used is firstly explained and,
then, the experimental results are presented and discussed. At the end
of this chapter, data interpretation is discussed and, finally, the results
found in this work are compared with the literature.

3.1 Electrodes preparation

For the electrochemical tests Graphene Paper (GP) (240um thick, Sigma
Aldrich, St. Louis, MO, USA) and Nichel Foam (NF) (Goodfellow Inc.,
Huntingdon, England, thickness 1.6mm, porosity > 95%) were used as
substrates for the WE. Firstly, the bare substrate was tested as WE. Then
the NPs loaded on the substrate were characterized. Thus, Copper in
methanol (Cu_met), Copper in ethanol (Cu_et), Nickel in methanol (Ni_met)
and both Copper in ethanol and Nickel in methanol (Cu_et + Ni_met).
The last mixed NPs come from a different solution that was previously
prepared by mixing 50m! of Cu_et and 50ml of Ni_met in another con-
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tainer.

Substrates were first cut in a rectangular shape with the shorter side of
about 1cm and then rinsed with deionized water and dried in N, to clean
their surface. Electrodes are prepared by drop casting 60u! of sonicated
and handshacked NP solution on substrates. Then electrodes are dried on
a hot plate. Methanol boiling temperature is 64.7°C and ethanol boiling
temperature is 78.4°C [1], so the hot plate was kept at ~ 80°C for about
one hour to guarantee the complete solvent evaporation and drying.

Figure 3.1: Example of GP substrate on the left and NF on the right. The amount
of NPs is so low that they are not visible to the eye and with the camera. The
different appearance of the lower part of the GP electrode is due to the corrosion
occurred during the electrochemical measures.

3.1.1 Rutherford Backscattering Spectrometry

On GP substrates, Rutherford Backscattering Spectrometry (RBS) analysis
(see appendix E) was conducted to evaluate the mass of deposited cata-
lyst material. Dose (atoms/cm?) was evaluated by integrating the specific
element peak using the software RUMP [2]. In Figure 3.2 are shown the
RBS spectra of the samples. They presents a well defined peak referred to
Nickel (1.522MeV) and Copper (1.554MeV). As seen in Table 2.1, Cu_met
presents the lowest amount of ablated mass followed by Cu_et and the
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highest was the Nickel. This can indicates that the dropped solution was
picked up uniformly from the solutions. The significant presence of Car-
bon comes from GP substrate and also a oxygen is present according to
the consideration about polymer (Section 2.4.1) and from the dried sol-
vent.

Figure 3.2: (a): RBS spectrum of the GP electrodes. Vertical lines represents the
scattering energy of Carbon 511.7keV, Oxygen 731.8keV, Nickel 1.529MeV and
Copper 1.561MeV [2]. (b): Zoom on the Copper and Nickel zone.

Drop casting was performed on a surface A = 1cm?, so knowing the
dose (at/cm?) and the atomic mass u, the total deposited mass m can be

evaluated:
Dose

Na
where Ny is the Avogadro’s number. From the consideration in Chapter
2 the NPs are reported to be metallic, so the used atomic masses are the

ones of Nickel and Copper. Catalyst doses and masses are reported in
Table 3.1.

m=u A (3.1)

Sample | Dose [at/cm?] Mass [ug/cm?]

Cu_met 7.73-101° 0.8
Cu_et 1.08 - 1010 1.1
Ni_met 7.35-101° 0.7

Table 3.1: Catalyst mass evaluated for each electrode.
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Since the drop casting conditions were the same, the catalyst mass are
the same both on GP and NF. Also the deposited mass on the mixed sam-
ple is considered given by the sum of the mass evaluated on the previous
samples divide by two: Cu_et 4+ Ni_met : Mass = 0.9ug/ cm?.

3.1.2 Scanning Electron Microscopy

Figures 3.3 shows some SEM images of the various electrodes.

Figure 3.3: SEM images of (a): Cu_et on GP, (b): Ni_met on GP, (c): Cu_et +
Ni_met on GP and (d): Cu_met on NF.

The GP shows a mostly flat surface made up by stacked sheets with
a lot of edge and corner that increases its surface. The NPs appears in
clusters but these clusters are uniformly distributed on the surface. The
NPs in the Cu_et + Ni_met sample are apparently not distinguishable, but
from the size distribution of Section 2.3.2 apparently big Nickel clusters
with appended at the side Copper cluster like in Figure 3.3(c).
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The NF shows a smooth and undulatory surface with some bubbles
that are the interested NPs. Also in this case there the cluster are smaller
than on GP and also uniformly distributed.

3.2 Experimental setup

Figure 3.4: Used electrochemical cell filled with 40m! of aqueous 1M KOH. The
studied WE is attached at the yellow wire and is partially immersed, the CE is a
platinum wire on the back and the RE is a SCE on the right.

To perform electrochemical analysis the following apparatus was made
up: a quartz beaker was filled with 40ml of 1M KOH aqueous solution
(pH = 14). The WE are the previously prepared electrodes with an im-
mersed surface of 1cm?. The CE is a platinum wire and the RE is a SCE.
These electrodes are wired to a VersaSTAT 4 potentiostat controlled by
VersaStudio software [3]. This software and hardware are able to per-
form a variety of electrochemical measures and analysis. Once a WE is
equipped, all the electrochemical measures are conducted right away to
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avoid contamination due to possible changes in any of the setup param-
eter.

3.3 Electrochemical characterization

In this Section the the theory and the information that can be extracted
from the various measures are explained.

3.3.1 Cyclic Voltammetry

The first measurement in the study of an electrode is the Cyclic Voltam-
metry (CV). In this analysis the potential on WE is slowly changed lin-
early from a starting potential to a switching potential and back while
the flowing current is measured [4]. Usually the starting point is OV th
the RE and the ending potential is chosen high enough to reach and over-
come 10mA /cm?, once for OER and for HER, depending on the potential
regions. Cycles are repeated until stability is reached. NF substrates
present some peaks typical of oxidation and reduction of Nickel. These
peaks are different in the forward an backward branches: the oxidation
reaction occurs at higher potentials than the reduction reaction. In this
particular case Nickel goes from Ni** to Ni*T + e~ in the forward scan
(and so the reverse in backward scan) [5]. Once the potential required
for this reaction is reached, the current is expected to keep growing, but
at some potential the current goes down because the extension of the
diffusion layer blocks the mass transport [4]. Nickel peaks should be
visible also in the measure on GP, but the amount of material is so low
that peaks has a very low amplitude and are eventually covered by the
substrate peaks, the same is for Copper oxidation and reduction peaks
[6]. Figure 3.5 report some examples of CV with oxidation and reduction
peaks.

The scan rate of the experiment controls how fast the applied poten-
tial is scanned. Faster scan rates lead to a decrease in the size of the
diffusion layer; as a consequence, higher currents are observed [4]. Mea-
sures in this work are performed at a scan rate of 10mV /s (low scan rate).
HER measurements on GP goes from 0V to —1.7V, on NF goes from 0V
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to —1.5V (both vs. SCE). OER measurements on both GP and NF goes
from 0V to 4-0.7V vs. SCE. Also in Figure 3.5 is possible to see that NF
slightly gets better at every cycle: the curve shifts to left at high potential
and characteristic peaks rise in intensity, GP slightly gets worse, but both
stabilize. From this kind of measure is possible to understand how the
electrode evolves in time and its necessary to stabilize the electrode. Fur-
thermore gives a gross estimation of the oxidation/reduction reactions
and information of the potential at which the OER or the HER starts.
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Figure 3.5: Example of CV measurements for OER. (a): Cu_met on NF and
(b): Ni_met on GP. Not all cycle are reported to evince the differences. Nickel
oxidation peaks are presents in both graph: in (a) they are more evident and
come from the substrate, in (b) they come from the NPs and are much less
evident.

3.3.2 Linear Sweep Voltammetry

In Linear Sweep Voltammetry (LSV) the potential on WE is slowly changed
linearly from a starting potential to a final potential. This analysis occurs
when the WE is stable and from the LSV curve, overpotential and Tafel
slope are extracted. A logarithmic plot of the LSV current density against
the overpotential gives the Tafel plot. Both LSV and Tafel plots give an
overview on the electrode kinetic. LSV are performed at a scan rate of
5mV /s in the same ranges of CV.

An example of this measurement is provided in Figure 3.6, where the
LSV of bare GP is analyzed for HER. Figure 3.6(a) shows a descendent
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behaviour from 0V to negative potentials. At around ~ —1.0V there is
a small peak due to some oxidation reaction happening on the substrate.
At ~ —1.4V the current starts descend rapidly. The Tafel plot helps in
understanding what happens on the electrode. Initially the current is
due to the ion movement in solutions and grow exponentially with the
applied potential (Nernst Equation 1.6). The Tafel plot in Figure 3.6(b)
is in logarithmic scale so all the exponential behaviours become linear
behaviours and are easy to find: the first linear zone in the plot is due to
ionic current at very low potential and current. Up to 1.2V there is the
region corresponding to oxidation peak and over 1.4V there is finally the
HER linear behaviour (marked blue line). In next Section LSV and Tafel
plots will be presented for each electrode.
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Figure 3.6: (a): Example of LSV measurements on bare GP for HER and (b)
relative Tafel plot with linear zone marked.

Before proceeding, the potential scale must be converted from SCE
(Vsce) to RHE (VryEg) to obtain the overpotential [7]:

HER: Vrpre = Vspe + 0.241 +0.059pH — E0 — iR

3.2
OER: Vryr = Vg +0.241 4 0.059pH — EX — iR 2

The term +0.241[V] is SCE to SHE conversion, the term +0.059pH|[V] is
the pH correction of the SHE to RHE conversion, E? and E? are the half
reaction potentials of cathode and anode (Equations 1.4 and 1.5). In this
alkaline case E) = 1.23V and E? = 0V. Then there is a voltage drop
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compensation due to the current i flowing trough the electrode and the
resistance R that will be evaluated with EIS.

3.3.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a technique that gives
information about the electrode liquid interface and the charge transfer.
The liquid-solid interface can be like a capacitor as in Figure 1.9. But also
a charge transfer occurs so also a resistor should be considered. With this
analysis all the resistance and capacitors can be evaluated.

EIS consists in applying an alternate voltage and measuring the cur-
rent. This alternate behaviour can be represented by a sin wave or better
by a complex exponential of frequency w, so both the current and the
voltage have a real part and an imaginary part. From the Ohm law the
resistance becomes a complex number called impedance and has a de-
pendence from frequency w:

Vv V(w) . VR@ + lVIm

R=— - 7Z(w) = —
— Z(w) (@) ~ Txet il

: (3.3)

For resistors the impedance is equal to resistance Z = R and is real. For
capacitors the impedance is given by Z = 1/iwC and the current that
flows trough the capacitor have a 90° phase shift respect to the applied
voltage. By measuring current oscillation with respect to voltage oscil-
lation, the instrument can provide both the real part and the imaginary
part of the impedance and plot Zg, against Zj,,.

In general the electrode liquid interface can be represented by a Ran-
del’s cell [8, 9] presented in Figure 3.7(a). This circuit is made up by a
resistance R, called uncompensated resistance and then in parallel the
capacitor like element Q and the charge transfer resistance Rq.
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(a) (b)
Q |
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Figure 3.7: (a): Randel’s cell circuit. (b): Impedance behaviour of a Constant
Phase Element and impedance behaviour of the Randel’s cell [8].

The uncompensated resistance represents the solution resistance be-
tween the WE and the RE and so depends only on the position between
the electrodes and their geometry and in general is different for every
electrode. This resistance is the one that appear in the Equations 3.2. The
charge transfer resistance R, is the one that refers on the charge trans-
fer between the electrode and the solution. The element indicated by Q
is not proper a capacitor because the electrical double layer is not ideal.
For neutral solution this is a Warburg element which have a 45° phase
shift between current and voltage that states the intermediate nature of
the same between a resistor and a capacitor. In the most general case of
electrodes non perfectly flat a Constant Phase Element (CPE) is used. It’s
impedance is given by:

7o 1
°rE =
where there is an exponent « that controls the phase shift.

The meaning of the plot in Figure 3.7(b) is that at high frequencies
the capacitor/CPE acts like a short circuit so the only impedance is the
R, and is real. At low frequencies the capacitor/CPE do not contribute
to the current acting like an insulator so the total impedance is given by
R, + R and is once again real. At intermediate frequency the impedance
has an imaginary part that is represented by a semicircle if & = 1 (perfect
capacitor) or a depressed semicircle if &« < 1 (Constant Phase Element).

When the surface is partially covered by nanostructured catalysts the
Armstrong and Henderson circuit is used [8, 10].

(3.4)
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(a) i (b)

Figure 3.8: (a): Armstrong and Henderson equivalent circuit [10]. (b): An exam-
ple of EIS spectrum of GP decorated with PLAL obtained Cu_et + Ni_met NPs
for OER fitted and plotted with [11].

This circuit, in Figure 3.8(a), contains one more capacitor and one
more resistor. The meaning of the uncompensated resistance R, (in Fig-
ure R() is the same. The element C.; and R (in Figure Cy and Reo)
are related to the charge transfer between the substrate and the adsorbed
species (HT for HER and OH~ for OER) and represent respectively the
double layer capacitance and the charge transfer resistance. The element
Cp and R, (same as Figure) are related to the mass transfer so the kinetic
of adsorption and desorption [10]. These two element are in series with
Rt because ions must be adsorbed in order to exchange electrons with
the electrodes. In this case the spectrum presents two depressed semi-
circles, but not always the smaller one is well defined and data must be
titted to find the element values.

EIS measurements in this work are performed in the frequency range
100kHz — 0.1Hz at a potential a little above the onset potential'. There
is a debate on which potential should be used [9], but a potential just
above the onset potential gives information about the electrode behaviour
within the required reaction and can give a comparison between all the
electrodes.

IThe onset potential is the potential at which the HER or OER reaction starts.
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3.3.4 Mott Schottky

Mott Schottky (MS) analysis provides information about the band bend-
ing at the interface between electrode and electrolyte. The charge layer
inside the electrode surface is coupled with the total double layer charge
resulting in a capacitor. From the Poisson Equation and the depletion
layer thickness (Equations 1.19 and 1.20) is possible to find a relation be-
tween the capacitance and the flat-band potential Vi, [12]:

1 2 kpT
=t (v_v, - B .
C?2  €eyAZeNp ( fo e ) (35)

where A is the electrode surface and kgT /e is the contribution given by
thermal fluctuation. All measurements were made at the same temper-
ature of ~ 25°C so the term kgT /e ~ 25mV. The Mott Schottky equa-
tion (Eq. 3.5) shows a linear dependence between 1/C? and the applied
voltage V. Equation 3.5 represents the ideal case and the liquid-solid in-
terface in electrochemical systems follows the linear behaviour only in a
narrow potential region [13]. VersaSTAT 4 potentiostat used in this work
can provide capacitance measurement at different potential using alter-
nate current. Figure 3.9 gives an example of Mott Schottky plot (Potential
against 1/C?). A linear fit in the linear zone is used to provide the voltage
axis intercept, that is given by the sum of Vy, and kgT/e.

(a) W o (b)..l
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Figure 3.9: (a): Example of MS measurement on NF+Cu_met with the fit in the
linear region. (b): Zoom on the linear part.
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From the linear part of the Mott Schottky plot is so possible to obtain
the flat-band potential Vi, and from this, the band bending potential Vj,
is given by subtracting the open-circuit potential V; [14]:

Vo = Vi — Voc (3.6)

The open-circuit potential V;, is the potential at which the electrode im-
mersed in the electrolyte reaches the electric equilibrium without apply-
ing any voltage.

For each electrode in this work, firstly the Open Circuit (OC) potential
is measured and then the Mott Schottky analysis is conducted. Then CV,
LSV and EIS analysis where conducted.

3.4 Electrochemical measurements of PLAL-NPs
loaded onto Graphene Paper

Electrochemical measurements on GP-based electrodes report in general
noisy behaviours. When electrodes are taken out the solution, the GP
appear visibly more rough than it was before the usage, so contact with
the water itself is enough to corrode the substrate. However some appre-
ciable result are obtained.

3.4.1 Open Circuit and Mott Schottky

The first measurement conducted is the Open Circuit potential after some
minutes of electrode immersion when the OC measured is constant for
almost 10 seconds.

The second measurement conducted is the Mott Schottky and results
are plotted in Figure 3.10. All the measured capacitance are roughly in
the same range, expect for the mixed Cu_et 4+ Ni_met sample. This sam-
ple also present a double linear descendent zone. In the descendent linear
zone, a linear fit is performed to obtain the x-intercept V;; and so the flat
band potential Vy, using Equation 3.5. The OC potential V. is used with
the flat band potential Vy, to obtain the band bending using Equation 3.6
and all the values are reported in Table 3.2. Samples with Nickel (blue
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and cyan lines) presents approximately the same intercept around 570mV
while samples with Copper (red and green lines) and the bare GP (black
line) presents approximately the same intercept around 1000mV indicat-
ing no significant changes. The mixed sample (cyan line) apparently has
two linear zones, but only the second is considered because with this
jump reaches the level of the other curves.
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Figure 3.10: (a): Mott Schottky plot of GP samples with marked x-intercept. (b):
Plot without Cu_et 4 Ni_met to better distinguish the other samples.

Sample VOC [m V] Vfit [m V] Vbb [m V]
GP -213 944 1132
Cu_met -201 966 1142
Cu_et -183 1029 1208
Ni_met -192 564 731
Cu_et + Ni_met -213 770 958

Table 3.2: Summary of OC and MS measures on the GP-based electrodes. V¢ is
the Open Circuit potential, Vy; is the x-intercept of the linear fit in the MS plot
(Figure 3.10) and V4, is the evaluated band bending potential.

No conversion between SCE and RHE was made. In fact this correc-
tion should be applied both on V, and Vf;, and the subtraction (Equation
3.6) will cancel it.
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3.4.2 Hydrogen Evolution Reaction measurements
3.4.2.1 Cyclic Voltammetry

For each sample at least 10 cycles between 0V and —1.7V vs. SCE were
performed. Each sample showed a slightly worsening in the first cycles
and then tends to stabilize. The switching potential is chosen high enough
to reach at least 10mA/cm?. The worsening trend is presented also with
the bare substrate so it can be ascribed to GP affected by corrosion when
the high negative potential is applied.

3.4.2.2 Linear Sweep Voltammetry
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Figure 3.11: (a): LSV and (b): Tafel plot of GP-based electrodes for HER in 1M
KOH with marked Tafel slopes. Horizontal orange dashed line in (a) and vertical
in (b) marks the current density of 10mA/cm?.

With LSV all electrodes are compared on the same applied voltage range
and plotted in Figure 3.11. The conversion from SCE to RHE was con-
ducted using Equation 3.2 with the uncompensated resistance R, ob-
tained from EIS. In Table 3.3 the results of overpotential (marked as 7)
vs RHE, Tafel slope and R, from EIS are shown for each electrode. Only
the sample with Cu_met and Ni_met NPs results in overpotential slightly
lower than the bare substrate and the Tafel plot shows similar behaviour
for these samples. Cu_et sample apparently starts its reaction at higher
potential with respect to the other samples but then the current grows
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rapidly as indicated from the lower Tafel slope. Cu_et + Ni_met follows
Cu_et at low potential an then behave worse than the other as indicated
from the higher Tafel slope.

Sample R, [Q)] #u vs RHE [mV] PE:G;/S;ZEF
GP 7.5 506 192
Cu_met 6.3 490 186
Cu_et 59 520 162
Ni_met 6.8 498 177
Cu_et+Ni_met | 5.6 558 239

Table 3.3: Summary of LSV measures on GP-based electrodes for HER in 1M
KOH.

3.4.2.3 Electrochemical Impedance Spectroscopy
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Figure 3.12: (a): EIS measurements on GP-based for HER in 1M KOH. (b):
Zoom on high frequency behaviour.

EIS measurements are plotted in Figure 3.12 and shows for all the sam-
ples the expected behaviour that recall a depressed semicircle. Only
Cu_et + Ni_met sample clearly shows the expect two semicircles. In the
high frequency region (low real and imaginary impedance) a very small
semicircle is also observed in the other samples. The values of resistance
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and capacitance obtained by fitting the curves with the Armstrong and
Henderson model using [11] are summarized in Table 3.4. The uncom-
pensated resistance R, shows slightly the same values for all the samples
because the experimental setup is the same. Charge transfer resistance
Rt shows low values (less than 10Q2) for all the samples. This resistance
is higher for Copper samples, in particular for Cu_et as expected from the
presence of the thick layer of polymer. R, shows very high values (up to
~ 900)).

Sample Vi?é%“ﬁi] R [ R0 R, [Q] CulF] aar Q[F] a
Cu_met -1.44 6.3 3 92 0.006 0.7 0.006 0.7
Cu_et -1.44 59 10 79 0.008 0.7 0.005 0.8
Ni_met -1.45 6.8 1 84 0.002 0.7 0.001 0.7
Cu_et+Ni_met -1.45 5.6 5 90 0.0004 0.6 0.01 0.7

Table 3.4: Summary of EIS measurements on GP-based electrodes for HER in
1M KOH fitted with [11].

3.4.3 Oxygen Evolution Reaction measurements
3.4.3.1 Cyclic Voltammetry

For each sample at least 10 cycles between 0V and +0.7V vs. SCE were
performed. Also in this case, each sample showed a slightly worsening
(less than HER in the previous Section) in the first cycles and then tends
to stabilize.

3.4.3.2 Linear Sweep Voltammetry

LSV curves are plotted in Figure 3.13 and summarized in Table 3.5, R;, is
obtained from EIS (Table 3.6). All the samples, except for Cu_et + Ni_met,
results in better performance with respect to the bare GP. Samples with
Copper NPs show no significant improvement with respect to the bare
substrate. Ni_met results to be the best sample with an overpotential
40mV lower than the substrate one and also the Tafel slope is slightly
lower. The Tafel plot in Figure 3.13(b) shows the linear zone for all the
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samples before the current of 10mA /cm?. At higher current all the curves
bend upward indicating that something starts to limit the processes.
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Figure 3.13: (a): LSV and (b): Tafel plot of GP-based electrodes for OER in 1M
KOH with marked Tafel slopes. Horizontal orange dashed line in (a) and vertical
in (b) marks the current density of 10mA/cm?.

Sample R, [Q)] #u vs RHE [mV] rl;qfé/sigg]e
GP 4.5 361 41
Cu_met 6.6 356 42
Cu_et 6.1 350 42
Ni_met 5.9 321 39
Cu_et+Ni_met 5.8 371 58

Table 3.5: Summary of LSV measures on GP-based electrodes for OER in 1M
KOH.

3.4.3.3 Electrochemical Impedance Spectroscopy

EIS measurements are plotted in Figure 3.14 and the results of fitting are
summarized in Table 3.6. Also in this case only Cu_et + Ni_met presents
the two semicircles, but in the high frequency region (low impedance)
a hinted semicircle is also observed in the other samples. As expected,
R, is slightly the same for all the samples. R presents very low values
(lower than HER) indicating a favored process except for Cu_et + Ni_met.
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Ry, presents higher values but still much lower than HER (Table 3.4). The
highest Ry is referred to Cu_et while the lower one is referred to Ni_met
which also has the best performance in LSV.

@ (b)

Figure 3.14: (a): FIS measures on GP-based electrodes for OER in 1M KOH. (b):
Zoom on high frequency behaviour.

Sample VIS’C’Sth}:“[aé] Ro[Q] Re[Q] R,[Q] CalFl aa Q[ &
Cu_met 0.47 6.6 0.7 30 0.001 08 0.004 0.8
Cu_et 0.45 6.1 0.7 71 0.002 0.8 0.007 0.7
Ni_met 0.45 59 0.7 20 0.002 1 0.007 0.8
Cu_et+Ni_met 0.45 5.8 5.0 28 0.0002 0.6 0.009 0.8

Table 3.6: Summary of EIS measures on GP-based electrodes for OER in 1M
KOH fitted with [11].

3.5 Electrochemical measurements of PLAL-NPs
loaded onto Nichel Foam

Electrochemical measurements on NF are in general more clean and smooth
than on GP. After the various measurements the samples do not show
clearly sign of corrosion. The high porosity of the substrate suggest in
general higher performance than GP due mainly to the high exposed sur-
face.
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3.5.1 Open Circuit and Mott Schottky

The first measures conducted are OC and MS. Mott Schottky measure-
ments are plotted in Figure 3.15 with all the curves that presents the
same smooth trend and the linear fit have the intercept in approximately
the same zone with no valuable differences for the Copper presence. In
Table 3.2 data from OC and MS are presented together with the band
bending obtained with Equation 3.6.
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Figure 3.15: Mott Schottky plot of NF-based electrodes with marked x-intercept.
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Sample Voc [mV] Vi [mV] Vi [mV]
NF -429 144 548
Cu_met -352 170 497
Cu_et -320 154 481
Ni_met -340 148 463
Cu_et + Ni_met -361 174 510

Table 3.7: Summary of OC and MS measures on the NF-based electrodes. V¢ is
the Open Circuit potential, Vy; is the x-intercept of the linear fit in the MS plot
(Figure 3.15) and V4, is the evaluated band bending potential.

3.5.2 Hydrogen Evolution Reaction measurements
3.5.2.1 Cyclic Voltammetry

For each sample at least 10 cycles between 0V and —1.5V vs. SCE were
performed. Each electrode showed a slightly improvement in the first
cycles and then tends to stabilize.

3.5.2.2 Linear Sweep Voltammetry
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Figure 3.16: (a): Linear Sweep Voltammetry and (b): Tafel plot of NF-based
electrodes for HER in 1M KOH with marked Tafel slopes. Horizontal orange
dashed line in (a) and vertical in (b) marks the current density of 10mA /cm?.
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LSV measures are plotted in Figure 3.16 and summarized in Table 3.8,
R, is obtained from EIS (Table 3.9). All the samples results in better
performance with respect to bare NF lowering the overpotential by 51mV
(Cu_et + Ni_met) in the worst case and 68mV (Cu_met) in the best case.
All the samples maintain slightly the same behaviour and have slightly
the same Tafel slope and similar overpotential both much lower than the
bare NF. The Tafel plot in Figure 3.16(b) shows the linear zone for all
the samples at lower potential and current than the bare substrate, after
the current of 10mA/cm? the curves start bend upward. This significant
difference between the substrate and the NP-loaded electrodes indicates
that there is a strong catalytic activity due to the presence of NPs.

Sample R, [Q)] n vs RHE [mV] "liiie‘%}/s(lic;}ca]e
NF 2.2 279 172
Cu_met 2.2 211 90
Cu_et 2.3 224 95
Ni_met 2.3 230 90
Cu_et+Ni_met 2.3 238 90

Table 3.8: Summary of LSV measurements on NF-based electrodes for HER in
1M KOH.

3.5.2.3 Electrochemical Impedance Spectroscopy

EIS measurements are plotted in Figure 3.17 and the results of fitting
are summarized in Table 3.9. The size of the semicircles recall the LSV
behaviour of Figure 3.16: R decreasing agrees with the overpotential
decreasing. R, presents low values for the Copper samples and higher
values for the Nickel and the mixed samples, while R, is lower for the
Nickel sample, a bit higher for the Copper samples and very high for the
mixed sample. The plots apparently does not presents the double semi-
circle behaviour, also in the low impedance region, but with a deeper
analysis all the points have a deviation from the main semicircle indicat-
ing the presence of the second smaller semicircle.
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Figure 3.17: (a): EIS measurements on NF-based electrodes for HER in 1M KOH.
(b): Zoom on high frequency behaviour.

Sample Vic;t(e:r]::tl[a‘i] R,[Q] Ris[Q] R, [Q CuylF] ag Qp[F] ap
Cu_met -1.20 2.2 0.4 53 0.0008 0.8 1E-8 0.8
Cu_et -1.20 2.3 0.3 60 0.0007 0.8 BE-6 0.8
Ni_met -1.20 24 32 39 0.0006 0.8 0.0002 1
Cu_et+Ni_met -1.15 2.3 46 146 0.0006 0.8 0.0001 1

Table 3.9: Summary of EIS measurements on NF-based electrodes for HER in

1M KOH fitted with [11].

3.5.3 Oxygen Evolution Reaction measures

3.5.3.1 Cyclic Voltammetry

For each sample at least 10 cycles between 0V and +0.7V vs. SCE were
performed. Each sample showed a slightly worsening in the first cycles

and then tends to stabilize.
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3.5.3.2 Linear Sweep Voltammetry
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Figure 3.18: (a): LSV and (b): Tafel plot of NF-based for OER in 1M KOHwith
marked Tafel slopes. Horizontal orange dashed line in (a) and vertical in (b)
marks the current density of 10mA/cm?.

LSV measurements are plotted in Figure 3.18 and the resuts of overpoten-
tial and Tafel slope are summarized in Table 3.10, R, is obtained from EIS
(Table 3.11). All the samples results in better performance with respect to
bare NF substrate lowering the overpotential by 48mV (Cu_et + Ni_met)
in the worst case and 62mV (Ni_met) in the best case. All the samples
maintain slightly the same behaviour and have slightly the same Tafel
slope and similar overpotential both much lower than the bare NF. Fig-
ure 3.18(a) shows the Nickel oxidation peak due to the substrate for all
the samples. The Tafel plot in Figure 3.18(b) shows the linear zone in the
same current range for all the samples, but the bare substrates presents
a bigger slope. These heavy differences between the substrate and the
prepared samples indicate that there is a strong catalytic activity due to
the presence of NPs.
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Sample R, [Q] 7 vs RHE [mV] FIF:;E;/S};}CT
NF 2.4 393 93
Cu_met 2.8 338 51
Cu_et 2.3 331 51
Ni_met 2.3 327 44
Cu_et+Ni_met 2.2 345 48

Table 3.10: Summary of LSV measurements on NF-based electrodes for OER in
1M KOH.

3.5.3.3 Electrochemical Impedance Spectroscopy
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Figure 3.19: (a): EIS measurements on NF-based electrodes for OER in 1M KOH.
(b): Zoom on high frequency behaviour.

EIS measurements are plotted in Figure 3.19 and the results of fitting
are summarized in Table 3.11. R, and R are slightly the same for all
the samples while R, presents big variations and higher values. The
plots apparently does not presents the double semicircle behaviour, but
in the low impedance region there is the clear evidence of a very small
semicircle.
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Sample Vl‘:"stgglﬁ] Ro[Q] Re[Q] R,[Q] CalFl aa Q[ a
Cu_met 0.48 2.8 0.7 7 0.03 0.7 0.004 1
Cu_et 0.45 2.3 0.3 24 0.03 0.8 0.004 1
Ni_met 0.45 2.3 0.4 23 0.03 0.8 0.006 1
Cu_et+Ni_met 0.47 2.2 0.2 17 0.002 1 0.02 0.8

Table 3.11: Summary of EIS measurements on NF-based electrodes for OER in
1M KOH fitted with [11].

3.6 Understanding the electrochemical data

In this Section, a qualitatively data interpretation and modeling is pro-
posed. From now on, the samples Cu_et + Ni_met will be indicated as

" : "

mix .

3.6.1 Relation between electrochemical parameters

As seen in Sections 3.4.1 and 3.5.1, both GP-based and NF-based elec-
trodes have a positive band banding resulting in accumulation of positive
charges on the surface. All the NPs are metallic (Section 2.5) and so are
positively charged as the substrate surface. This charge accumulation
should interfere with the absorption of H™ ions. So the reaction will start
at higher applied potential and consequently the overpotential (for now
on marked as #) will increase. So an Hypothesis is proposed: Lower
band bending implies lower overpotential in HER.

Instead the relation between Tafel slope and the total resistance R; +
Ry is given by: m = aa—‘i, = nF % using the notation of Section
1.2.1 where k is the reaction rate, F is the Faraday constant and # is the
number of electron involved.The quantity 0di/dV reported in log scale is
Tafel slope [10], so follows that lower total resistance implies lower Tafel
slope.

Table 3.12 collects the data from the previous Sections of this Chap-
ter and tries to show some correlations between the data. Ni_met on GP
presents the lowest band bending and a low overpotential as expected
and both low Tafel slope and total resistance. Cu_met on NF presents
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both the lowest Tafel slope and total resistance and also the lowest over-
potential, but a high band bending (Ni_met has the lowest).

Figure 3.20: Scheme of band bending and H" adsorption on NPs during the
Hydrogen Evolution Reaction.

Sample | Vi, [mV] | n [mV] F[l;if‘il /le)c}])e Ret [Q Ret + Ry [
Section 3.4.1 3422 3.4.2.3
GP 1132 506 192

Cu_met 1142 490 186 3 95
Cu_et 1208 520 162 10 89
Ni_met 731 498 177 0.8 85
mix 761,958 558 239 5 95
Section 3.5.1 3.5.2.2 3.5.2.3
NF 548 279 172

Cu_met 497 211 90 0.4 53
Cu_et 481 224 95 0.3 60
Ni_met 463 230 90 32 71
mix 510 238 90 46 192

Table 3.12: Summary of HER measurements in 1M KOH on GP-based and NF-
based electrodes. Marked blue values represents the lowest values in the column,
marked red values represents the highest values in the column.

Unfortunately, no specific correlation appears between the band bend-
ing and the overpotential from the data concerning the same substrate.
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Focusing on the bare substrate instead, GP presents higher band bending
and so the higher accumulated positive charge and so higher overpoten-
tial with respect to NF and the Hypothesis is confirmed.

The correlation between the resistance and the Tafel slope is evident
within the variations due to the choice of potential. In fact the potential
chosen to perform EIS measurements (as discussed in Section 3.3.3) is the
onset potential, while in this case the measurement should be made at the
same potential. The NF-mixed electrode is a clear example: LSV in Figure
3.11 at low overpotential recall the Cu_et curve and so the resistance val-
ues obtained from EIS in Table 3.12 are similar, but at high overpotential
the mixed sample grows slowly (higher Tafel slope).

OER measurements are summarized in Table 3.13 and the previous
consideration on total resistance and Tafel slope are valid.

Following the reasoning previously discussed, a higher positive charge
accumulation should encourage the OH™ absorption and so the reaction,
but the data of the NPs electrodes shows the opposite trends. But fo-
cusing on the bare substrate instead, GP presents higher band bending
and so the higher accumulated positive charge and so lower overpoten-
tial with respect to NF (Figure 3.22) and also in this case the reasoning
runs.

o) ﬂoﬂ
O™ 0 6
ﬂoﬂn 0

Figure 3.21: Scheme of band bending and OH~ adsorption on NPs during the
Oxygen Evolution Reaction.
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Sample | Vi, [mV] | n [mV] F[l;if‘il /S;;)ClTe Ret [Q Ret + Ry [
Section 3.4.1 3432 3.4.3.3
GP 1132 361 41

Cu_met 1142 356 42 0.7 31
Cu_et 1208 350 42 0.7 72
Ni_met 731 321 39 0.7 21
mix 761,958 371 58 5 33
Section 3.5.1 3.5.3.2 3.5.3.3
NF 548 393 93

Cu_met 497 338 51 0.7 8
Cu_et 481 331 51 0.3 24
Ni_met 463 327 44 0.4 23
mix 510 345 48 0.2 17

Table 3.13: Summary of OER measurements in 1M KOH on GP-based and NF-
based electrodes. Marked blue values represents the lowest values in the column
(highest band bending), marked red values represents the highest values in the
column (lowest band bending).
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Figure 3.22: Schematic representation of the charge accumulation at the equilib-
rium between two different substrate (black) and the liquid (light blue) depend-
ing on the indicated band bending.
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3.6.2 Band bending and overpotential

To clarify the relation between the band bending and overpotential with
the presence of the catalytic NPs, what happen to the bands inside the
substrate, the NP and the liquid should be investigated. SEM images
shows that the substrate is mostly exposed to the liquid (as seen in Fig-
ure 3.3) so the Hypothesis is that band bending (and the consequently
voltage steps) between the liquid and the substrate remains unaltered
with or without the NPs. Giving this value as fixed, the presence of the
NPs produce a different measured band bending due to the energetic lev-
els inside the particle, so the voltage step between the NPs clusters and
the substrate can be evaluated by a simple subtraction. The schematic
representation of the various electrodes with evaluated voltage steps and
band bending is given in Figures 3.23 for GP and 3.24 for NF.

The bare substrate with the liquid acts like discussed in Section 1.2.1
starting from the Nernst Equation and so on, but for the other samples
there is the presence of an intermediate step given by the interaction be-
tween the substrate and metallic NPs. The next Hypothesis is that the
junction between the substrate and the NP is supposed to acts like a
Schottky diode [15].

The following interpretations does not work for the Cu_et + Ni_met
maybe because there are two type of separate particles and the system
maybe act like a double Schottky diode. This is only a further Hypothesis
that only a specific study can prove or deny.

Figure 3.23: Band scheme of the GP-based electrodes with marked approximated
voltage steps (not in scale).

For the NF electrodes (Figure 3.24) the junction presents the substrate
as p-type with respect to the particle so in OER the junction is forward
biased while in HER the junction is reverse biased (Figure 3.25). In fact
the highest voltage step (between substrate and catalyst) correspond with
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the lowest overpotential in OER (Ni_met) and the lowest voltage step
(between substrate and catalyst) correspond with the lowest overpotential
in HER (Cu_met).

Figure 3.24: Band scheme of the NF-based electrodes with marked approximated
voltage steps (not in scale).

For the GP electrode (Figure 3.23) the situation is the same (p-n junc-
tion) for Ni_met, but opposite (n-p junction) for Cu_met and Cu_et be-
cause of the inverted voltage step. In Ni_met the junction is forward
biased in OER in fact it has the lowest overpotential. In HER the junc-
tion is forward biased for Cu_met and Cu_et, so the highest voltage step
is supposed to bring the lowest overpotential, but the complete system
(substrate-NP-liquid) in this case act like a trap for electrons, so the lesser
voltage step (Cu_met) brings to the lowest overpotential.

This oversimplified model gives a qualitatively result that is in accord-
ing with the experimental data. In order to make previsions is necessary
a theoretical study to evaluate in advantage the voltage steps between
the substrate and the NP. A starting point can be the work function:
Pcopper = 47eV < Pcarpon = 4.81eV < Pnjicker = 5.01eV [16] that recall
the inverse of the energetic levels in the schemes. Copper and Carbon
have similar values so explain the low voltage step, Nickel presents a
higher value and so the steps are increased. But the NPs has not the
same work function of the bulk material due to their small size, the pres-
ence of the polymer and the interaction with the electrolyte, this could
explain the high difference between the Nickel substrate and the Nickel
NPs dropped on the Nickel substrate.
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Figure 3.25: Schematic representation of the junction between the substrate
(black) and the NP (orange), with marked forward or reverse bias depending
on the current direction.

3.7 Summary and comparison

Catalyst | HER Tafel OER Tafel
Substrate NPs loading slope slope
[ug/cm?] | y[mV] [mV/dec| | nlmV] [mV /dec]
GP Cu_met 0.8 490 186 356 42
GP Cu_et 1.1 520 162 350 42
GP Ni_met 0.7 498 177 321 39
GP mix 0.9 558 239 371 59
NF Cu_met 0.8 211 90 338 51
NF Cu_et 1.1 224 95 331 51
NF Ni_met 0.7 230 90 327 44
NF mix 0.9 238 90 345 48

Table 3.14: Summary of the obtained results including Catalyst loading, Over-
potential vs RHE and Tafel slope for HER and OER in 1M KOH aqueous am-
bient.

All the results obtained in this Chapter involving water splitting are sum-
marized in Table 3.14. The first important result is the low amount of cata-
lyst (~ 1ug) that makes these values comparable with those of the state of
the art (Tables 1.2, 1.3, 1.4 and 1.5) [17]. The produced electrodes obtained
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good results in HER only for NF as substrate, but a bit far away from the
state of the art while in OER the overpotential is comparable with the
state of the art for both the substrates. Figure 3.26(a) clearly shows two
group of data for NF and GP in HER, but Figure 3.26(b) shows only a
group of data. In both Figures the data found in this work lie in the high
part of the graph indicating a very low amount of used catalyst.

Another important result obtained in this Chapter is the model that re-
lates the overpotential with the band bending considering first the substrate-
liquid (Figure 3.22) and then substrate-NP-liquid interaction (Figure 3.25),
but still more studies should be conducted to find a theoretical model and
to experimental understand if this was a fortunate case or this model can
be applied to all materials.

Some comparison with electrodes produced by classical way (sputter-
ing and dewetting) was also conducted and reported in appendix H.

(a) - - - .. - v . (b)

{
- |
- o
T = 1 L | 1
- 1 - Ll
. |
=
L) . | )
-
-
L BT 2 1 5 ] L] ] ] ]
= [ "% g 1 = | = W oawmoE
1 e T | e
| -1Il|- L1 L spedinee 1 L] i e -
| ., |
. B L
| AR Lty 1 I T
LL = B - s
£ e e Ty it e i 7 vk

Figure 3.26: (a): Literature data for HER from Table 1.2 [17] with added data
from this work. Two groups of data are presents indicating the NF-based and
the GP-based electrodes. (b): Literature data for OER from Table 1.3 [17] with
added data from this work. Mass activity is evaluated from Catalyst Loading
with Equation 1.22.
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Conclusions

Brief summary

The aim of this work was to find and study a low cost and non pollutant
electrocatalysts with valuable performances for both HER and OER using
nanostructures and fabricated in a simple and cheap way.

PLAL technique was used to synthetize Copper and Nickel NPs in
Methanol and Ethanol. UV-Vis-NIR optical measurements (Section 2.3.1)
shows the typical plasmonic peaks of Copper and Nickel. Optical simu-
lation (Section 2.4.2) indicate a very large amount of small particles and a
very few amount of bigger ones. SEM images (Section 2.3.2) showed par-
ticles of circular shape, while TEM images (Section 2.3.3) showed smaller
crystalline particles with radius in the order of few nanometers. Interpla-
nar distances and diffraction pattern indicated metallic nature of Copper
NPs. XRD (Section 2.3.4) reveled a metallic crystalline nature of Cu and
Ni and XPS (Section 2.3.5) showed Cu and Ni peaks with a chemical shift
indicating the presence some surface compounds. EDX-TEM indicated
Carbon and Oxygen all around the NPs. All the analysis conducted indi-
cated the presence of a polymer all around the particle that preserve and
protect the NPs and their crystalline metallic structure (Section 2.4.1). The
polymer also explained the difference between the size distribution ob-
served between SEM and TEM: big particles with radius in the order of
100nm are agglomeration of small particles that optically respond almost
as metal particles (Section 2.4.2).

The electrodes were prepared by drop casting 60ul of NPs solution
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on the substrate (GP and NF). SEM images (Section 3.1.2) show NPs uni-
formly distributed on the substrate and RBS (Section 3.1.1) indicates the
presence of about ~ 1ug of deposited material. Electrochemical measure-
ments are conducted in 1M KOH solution. Measurements on GP-based
electrodes (Section 3.4) indicates good performance in OER with an ev-
ident catalytic activity, but a not good performance in HER with little
variability between the measures. Measurements on NF-based electrodes
(Section 3.5) indicates good performance and evident catalytic activity
both in OER and HER. Comparison with literature (Section 3.7) shows
that some result are not distant from the state of the art. Furthermore a
simplistic model (Section 3.6.2) is proposed to understand the obtained
results and find some correlation between band bending and overpoten-
tial.

Most relevant results

The first relevant results are the values of overpotential and catalyst load-
ing found for the produced electrodes that respond to the aim of this
work. The results reported in Section 3.7 are comparable with the
state of the art as shown in Figure 3.26. In fact, the found values lies
in the top part of the graph (indicating high mass activity). In HER
only the NF-based electrodes report good results because the sub-
strate itself presents high porosity and enhance the catalyst effect.
In OER all the electrodes report good results.

The second relevant result is the presence of polymer around the parti-
cles discussed in Section 2.4.1. This was an unexpected results that
came from the high energies involved during the PLAL process. The
big particles and clusters in SEM images (in Section 2.3.2 and 3.1.2)
are nothing but sphere of polymer with embedded metal particles
which make the polymer conductive. This conductive polymer may
be seen as a problem because of their poor conductive properties,
but in this case can see as an advantage because the polymer pro-
tect the metal particles from oxidation and corrosion during the
electrochemical processes and preserve so the metallic nature and
cristallinity of the NPs.



CONCLUSIONS 125

The third relevant result is the model discussed in Section 3.6.2. This
model is still to simplistic, but explain the differences in the ob-
tained overpotential and start to make prediction based on the mea-
sured band bending.

Perspectives

Based on the obtained results, there are many possible perspectives for
future studies:

1. The use of the NPs on a variety of substrate and at different cov-
erage to study and investigate how this affect the electrochemical
parameters. Also maintaining the same catalyst amount, a large
comparison between particles of different material or produced in
different ways (an example is reported in Appendix H).

2. The study of the conductive polymer properties (electron transport,
optical properties, work function, ...) and also the relation between
the target, the laser beam energy and the solvent. From the actual
data Ethanol lead to a thicker polymer than Methanol, so solvent
with longer Carbon chains should lead to the formation of much
more polymer.

3. The further evaluation of the model proposed in Section 3.6.2 that
focus on the similitude between the band bending at the liquid-
electrode interface and the Schottky junction. Maybe this study
can lay the foundation of a theoretical model that connect the elec-
tronic properties of the electrode (first of the substrate, then with
the adding of NPs) to the Evolution Reactions behaviours. Another
study can bu executed on the interaction between the substrate and
the NPs without the presence of the liquid to study the involved
phenomena.

4. The effects of NPs of different materials on the same substrate. In
this work the mixed sample produced the worst performance. A
study should be conducted to find out how this particles mix to-
gether and how this affect the various properties.



CONCLUSIONS 126

5. The study on the possibility of use the produced NPs as photoelec-
trocatalyst for the water splitting reaction.

6. The further study on optical simulation using a numerical model
for non spherical shapes and that involves clusters.

Thanks for the reading.
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Appendix

Laser

Herreae: Caneralis (HG]
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Figure A.1: Quanta-Ray PRO-Series Nd:YAG internal scheme [1].

The laser used in this work is a Quanta-Ray PRO-Series Nd:YAG [1]. The
laser scheme is presented in Figure A.1.
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A.1 Laser structure and parameters

Lasers are made up by a resonant cavity in which lies an active media that
amplifies light whenever pass trough it. The cavity is delimited by two
mirrors, one is high reflective and the other one is partially reflective (in
Figure A.1 respectively M; and M,). The partially reflective mirrors usu-
ally have about ~ 10% transmission [2]. Due to interference only some
photonic modes are allowed inside the cavity and are equally spaced in

frequency v:
c

2L
whit ¢ speed of light and L cavity length. The active media is a three or
four levels system in which population inversion is guaranteed. Between
the two electronic levels among which we want lasing, electrons should
stay in the upper level so, whenever a photon arrives another photon is
created by stimulated emission. Now electrons are in the lower levels
and must be carried away. The upper level is usually a metastable state
whit decay time of about ~ ns, the others level are short-lived whit decay
time of about ~ fs so electron goes away rapidly. An external pumping
provides electrons to be promoted in upper levels that rapidly decay in
the metastable one waiting for lasing. Amplification gain -y is defined as
the ratio between output photon flux ¢,,+ and input photon flux ¢;,, and
depends on the frequency v

Av (A.1)

_ Pout _ ’)’O(V) _ NQU'(I/)
¢i” 1+ (Pin/gbs (V) 1+ ¢in/¢s (V)

where 7 is the initial gain and depends on the initial population inver-
sion Ny and the cross section o(v) that as a lorentian shape and ¢; is a
saturation flux. When ¢;, = ¢s population inversion is half of the initial
one [2].

In the specific case of our laser, cavity modes have a 200M Hz spacing
and the active media gain has a 30GHz linewidth (Figure A.2).

Y(v) (A.2)
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Figure A.2: Gain linewidth and cavity frequency spacing [1].

Our laser has two Nd:YAG active media. Nd:YAG is Yttrium Garnet
(Y3Al501,) doped with N d%* ions. Neodymium ions provide a lot of en-
ergy levels to make lasing as shown in Figure A.3. In particular electrons
are pumped in higher levels (marked as pumping bands) and then decay
rapidly in level *F;/,. Then the laser transition occurs at 1064nm.

Inside the cavity there is also an electric controlled Q-switch that pro-
vide 10ns pulses. Max frequency (pulses per second) allowed is 10Hz,
but lesser ones can be produced.

Outside the cavity there is an harmonic generator that provide second
harmonic generation at 532nm (green light). Then the two beam lines are
splitted and go out the laser separately.

A digital calorimeter is used to measure beam energy and provides
values of about ~ 500m] per pulse. This correspond to a peak power of

P =500-10"3]/10-10"%s = 50 MW (A.3)



APPENDIX A. LASER 132

op - == gy
=
18
B —
4
14 F Falll::!'_ e e amw 115":'2{:”1.1“2
e - | — 11414 Ry
12 "Ry, Laser Transition
4 ——
si-b Laser MLy for
Transition .- "o —— ~6000 cm™1
5T .‘”%f =  _4000cm’
a4 e —
oo SO0 2 252
4 Wiy, o == 2473
T e A B
n h "'Iu;z 1 Ngﬁ;
Ao, g 2001
n_ﬂ—............’.ri'f.,. . 4B
Ground Level “‘\H a
\ 197
134
Q

Figure A.3: Neodymium levels in Nd:YAG, 1064nm laser transition marked with
an arrow [1].
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UV-Vis-NIR Spectrophotometry

UV-Vis-NIR Spectrophotometry is based on the interaction between a
sample and a monocromatic electromagnetic wave in the range between
UV and near Infra Red. With this technique is possible to measure the
fraction on light scatterd, absorbed and transmitted by the sample at dif-
ferent wavelengths. Wavelength A is related to photon energy E trough

this relation:
E_ he _ 1239[eV - nm]

AT Alnm|
where £ is the Plank constant and c is the speed of light.

(B.1)

B.1 Spectrophotometer

The spectrophotometer is an instrument that can perform UV-Vis-NIR
Spectrophotometry. In this work Varian Cary 500 Spectrophotometer
is used.

Spectrophotometers are made up by different parts:

* Lamps: provide an high intensity spectrum at different wavelengths.
Usually an halogen lamp covers the Visible and near Infrared spec-
trum and a Deuterium lamp covers the ultraviolet spectrum. A
rotating mirror can select the required lamp.
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* Monocromator: receives in input lamp light and provides in out-
put a monocromatic beam light. Is made up by some filters, an
input slit, an output slit and a rotating grating. All these parts are
electronically controlled to provide the required wavelength.

* Beam splitter: the beam light is divided in two identical beams. Is
made by a mirror partially covered with reflective material.

* Sample holder: One of the beam passes trough the sample that
can be a solid object, but also a solution. Different configuration
involving mirrors can provide transmission measures or reflection
measures.

* Detectors: one of the beams reaches directly the detector and acts
like a reference Iy. The beam that passed trough the sample reaches
another detector I;.

If the light passes trough the sample, transmission measure is ob-
tained by the ratio: [3]
T = b (B.2)
Is
and is usually expressed in percentage. If the light is reflected by the
sample, reflection measure is obtained by the ratio:
R = @ (B.3)
I
and is usually expressed in percentage. A different kind of detector
called integrating sphere can provide a measure of total reflection and
scattering using Equation B.3. If scattering and emission rates are low,
an absorbance measure can be obtained from the transmission one. In
fact R+ A+ T = 1 where T is the transmission, R the reflection, A the
absorbance. Other phenomena like emission are negligible. In general
absorbance is expressed as the logarithm of the inverse of transmission:

A =log <%) (B.4)
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For colloidal solution the absorbance is related to concentration of the
absorbing species via the Beer-Lambert law:

A =dNco (B.5)

where d is the optical path inside the solution, N is the absorber concen-
tration (numeric density) and ¢ is the absorption cross section.
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Figure B.1: Varian Cary 500 Spectrophotometers scheme [4].
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Scanning Electron Microscopy

Figure C.1: Used SEM with EDX module.

Scanning Electron Microscopy (SEM) is a technique involving a micro-
scope that uses the interaction of an electronic beam with a sample to
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reconstruct an image of this with nanometric resolution.
In this work a Zeiss Supra25 FE-SEM and a Zeiss Supra35 FE-SEM
were used.

C.1 SEM working principle

The use of electrons instead of light is an advantage because wavelength
is much smaller. This bring higher magnification and depth of field.

By definition, the resolution (or resolving power) is the minimum dis-
tance between two object in order to be distinguishable. So two objects
are distinguishable if their distance Ax is:

A
Ax > 06157+ (C.1)
This is the Rayleigh criterion, A is electron wavelength, N.A. is the nu-
meric aperture (a parameter that is related to the maximum angle at
which signal can be detected), 0.61 is a parameter that depends on the
diffraction pattern of a single slit. For visible light, maximum resolution
is about ~ 200nm, some SEM could reach ~ 3nm.

For electrons all depend on the wavelength. Electron wavelength
comes from De Broglie relation A = h/p where h is the Plank constant
and p is the momentum that depends on the electron velocity, the velocity
depends on the acceleration voltage V [5]:

o (C.2)

p \/2mqV

where m is the electron mass and g is the electron charge. With a po-
tential of about some kV, A is the order of magnitude of the nm, that’s
good because also interatomic distances are in the order of nm. In theory
this works, but the interaction volume of the electrons inside the sample
is larger than the beam spot (especially for materials made up by light
atoms), so scattering events are affected by a broadening of the original
focused electron beam within the sample.
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C.2 SEM structure

The SEM is made up by different parts:

* Electron gun: An hot filament or a tip emit electrons for thermionic
effect or field effect. Then some rings provides positive voltage (in
range 10 — 12kV) to extract electron and create an electron beam of
a precise energy. This system require ultra high vacuum.

* Magnetic lens: a first magnetic system decrease the beam diame-
ter also with a single slit to increase resolution, a second magnetic
system with another slit focus the beam on the sample.

® Scanning system: two couples of magnetic coils move the beam
along X and Y direction to scan different points of the sample. Not
all the sample is scanned, but only a portion. The magnification M
is defined as the rate between image dimension and sample dimen-
sion.

Once electrons interact with the sample, some detectors gives infor-
mation about the sample:

* Back Scattered electrons: A solid state detector is placed near the
electron beam. It works using a p-n junction and provides informa-
tion about the electrons scattered at angle near the beam.

* Secondary electrons: a Faraday cage (called collector) can collect
both scattered electrons and secondary electrons if it works at neg-
ative potential, only scattered if it works at positive potential. Col-
lected electrons reach a scintillator where a light signal is produced
and reachs a photomultiplier that converts this in an electric signal.
Different position can be chosen for this detector: out-lens collects
secondary electrons from all the target, in-lens collects secondary
electrons only from a region near the beam spot.

These detectors gives morphological information about the sample
structure and produces grey-scales images where the brighter zones cor-
respond to heavy atoms (high probability of scattering), but the bright-
ness is also affected by morphology. Top part of a structure will result
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brighter than the bottom part and then the substrate below. The detector
position can cause a shadowing effect: the sample surface exposed to de-
tector will result brighter than the one on the other side, is like watching
the sample from a side. This happen with nanostrucutred samples and
rough substrate and can be avoided using in-lens collector, like watching
the sample from the top.
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Figure C.2: (a): SEM structure [5]. (b): Summary of the range and spatial
resolution of backscattered electrons, secondary electrons, X-rays, and Auger
electrons for electrons incident on a solid. [5].

C.3 Energy Dispersive X-Ray

Another detector can analyze X-rays produced by the electron beam in-
teraction with the sample. This is called Energy Dispersive X-Ray (EDX)
or Energy Dispersive X-Ray Spectrometer (EDS) [6, 7].

When a high energy electron interacts with an atom of the sample, a
possible result is the ejection of an electron from a inner shell. The atom is



APPENDIX C. SCANNING ELECTRON MICROSCOPY 140

left in excited state and relax through a limited set of allowed transitions
of outer shell electron filling the inner-shell vacancy. This relaxation pro-
cess could lead to the emission of a X-Ray photon or an Auger electron.
Every element as a characteristic X-Ray emission, so focusing the elec-
tron beam on a small sample region is possible to obtain compositional
information and eventually create an element map.

The detector is a Silicon doped with Lithium p-i-n junction. A Beril-
ium windows prevents low energy photon (compared to X-Rays) to enter
the detector. When an X-Ray interacts with a Silicon atom, an electron
is emitted with an energy hv — E. (the X-Ray energy minus the bind-
ing energy) and this photoelectron travels inside the detector producing
electron-holes pair (every pair requires 3.96eV to be formed). So the total
current depends on the incident energy. Also Auger electrons can create
electron-holes pairs and Silicon atoms can emit other X-Rays that can be
reabsorbed. To prevent electronic noise, the detector must be cooled with
liquid nitrogen.
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Figure C.3: EDX detector structure and detection process scheme [7].



Appendix D

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a microscopic technique that
can obtain the maximum possible resolution for imaging a sample [8].
Like a SEM, it use the interaction between electrons and the sample, but
in transmission, so electrons travel inside the sample interacting with it,
Equations C.1 and C.2 are valid. Best machines has N.A. ~ 0.01 and
A ~ 0.004nm with an accelerating voltage of V ~ 100kV, this bring to a
resolution of ~ 0.25nm, compatible with atomic dimension.

Electrons are created with an electron gun and accelerated with a volt-
age in range 100 — 400kV. Some condenser lens focus the beam on the
sample in a few pm spot. The sample is placed on a small Copper or Car-
bon grid with large holes and must be thin (at least few hundreds of nm).
Elsewhere electrons will be heavily scattered or absorbed by the sample
or by the grid. After the interaction with the sample, electrons are focused
with other lens on a fluorescent screen. Forward scattered electrons forms
a diffraction pattern that give structural information. Bright-field images
are formed only with transmitted electrons, dark-field images are formed
with a specific diffracted beam. This operating mode is called parallel
beam. High resolution TEM is able to give information on the atomic
structure of the sample by showing single atomic lines.

Scanning Transmission Electron Microscopy (STEM) uses a fine elec-
tron beam ~ 0.1nm (atomic size) to raster the sample and the software
reconstructs the image point by point. This operating mode is called con-
vergent beam and some scanning coil similar to the SEM ones are used. In
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this case the electrons interact with the sample producing X-Rays and lost
some energy, but still cross the sample. Spectroscopy can be performed
both on X-Rays using EDX and on electrons using Electron Energy Loss
Spectroscopy (EELS). Both of this technique are used to perform chemical
analysis and combined with the scanning system can provides chemical
map of the sample.

Selected Area Diffraction (SAD) is obtained focusing the beam in a
specific zone. The interaction between the electrons and the crystal cre-
ates a diffraction pattern that can be detected and used to identify crys-
tallinity and crystal planes.
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Figure D.1: (a): TEM structure [5]. (b): Scheme of the process involving the
electrons and the sample [9].

In this work the machine JEOL ARM200F [10] was used. It is equipped
with a spherical aberration corrector on the electrons probe so as to en-
sure a spatial resolution below the Angstrom in scanning transmission
electron microscopy (S/TEM), even at very low energy, and in the energy
range between 200KeV and 40KeV. This microscope is able to analyse



APPENDIX D. TRANSMISSION ELECTRON MICROSCOPY 143

2D materials. The instrument is equipped with three digital cameras,
2k x 2k, for wide angle diffraction, high resolution TEM and 5 STEM
detectors for atomic resolution STEM analyses. It is also able of perform-
ing tomographic analysis of nano-structured materials in both TEM that
STEM mode. The instrument is also equipped with a last generation of
monocromated electron energy loss spectrometer (EELS) and a large an-
gle SDD-EDS X-ray detector (0.98str), able to work simultaneously and
acquire up to 1500spectra/sec in joint fast EELS / EDX mode.

Figure D.2: JEOL ARM200F [10].



Appendix E

Rutherford Back Scattering
Spectrometry

Rutherford Backscattering Spectrometry (RBS) is a non destructive sur-
face analysis useful to evaluate thickness and composition of thin films.

Usually He™ ions are sent to the sample with few MeV energy. An-
alyzing the energy of the backscatterd ions is possible to understand the
mass of the surface element and also the depth distribution in few pum
[5, 8].

Incident ions lose their energy while interacting with the sample elec-
trons, but few of them succeed to make an elastic scattering with an atom
nucleus and come back to the detector. The scattering event may happen
on the surface or in depth, in this case the ion lose energy, scatter and
then lose again energy until it reaches the surfaces and travel free toward
the detector. An important parameter is the kinematic factor K defined as
the ratio between the backscattering energy E; and the initial energy Eo:

2
— (Rsind)2
K — E; _ <\/1 (Rsinf) +Rc059) R — M, E.1)

Ey 1+R M,

where R is the mass ratio between projectile M; and target M, and 0 is
the scattering angle. For heavy element in the target (M, > M; — R < 1)
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and high angles (6 ~ 180°), relation E.1 simplifies in:
~ 2R(1 — cosb)
(1+R)?

But also interaction with the sample produces energy loss, so the total
energy E; for a ion that backscatter at depth ¢ is:

K~1 (E.2)

E; = (EO - AEin)K — AEout (E3)

where AE;, and AE,,; are the loss inside the target before and after the
scattering and depends on the depth t:

AE;K — AEgy; = [S]t (E.4)

where [S] is the backscattering energy loss factor and it is tabulated for
pure elements target.
The backscattering yield (the counts of backscatterd ions) is given by

Y = cQQN (E.5)

where () is the solid angle of the detector, ¢ is the Rutherford cross section
of the elastic scattering, Q is the total number of incident ions and N is the
numerical surface density of target atoms. The total number of incident
ions Q can be evaluated by the total charge of the scattering chamber. The
Rutherford cross section is:

do(0) [ Z1Zpe*\° 1 -
a9  \ 4E;, sin*6/2 ‘

Typical RBS spectrum does not shows peaks but bands well defined
in energy. The higher energy of the band is given by ions scattered by
the surface atoms and give information about the element mass of the
target. The lower energy is given by the ions backscattered deep in the
target and gives information about the thickness of the layer. The counts
integrated between this two energies gives information about the atoms
density. With this technique also composite layers can be analyzed.

For the analysis in this work a particles accelerator provided 2MeV
Helium ions He". The scattering chamber was provided with high vac-
uum. Inside the chamber there is a carousel with different samples, an
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electric controlled goniometer and the detector (solid state p-n junction
silicon detector) placed at 15° with respect to the incident beam. The

analysis to extract atoms density and composition are conducted with
the software RUMP [11].

Figure E.1: Used RBS apparatus. Blue box: the ion accelerator. Red box: the
detection chamber



Appendix F

X-Ray Diffraction

X-Ray Diffraction (XRD) is a technique that uses the diffraction of high
energy photons to study the crystal nature of a sample [8, 12].
Everything works because X-rays are mirror reflected by crystal planes
of the sample so the angle of the incoming wave will be equal to the one of
the outgoing wave. Both initial and scattered waves will be on the same
plane. Photons can interact with different crystal planes and after the
reflection they have traveled different paths. So interference phenomena
occurs (Bragg law):
nA = Zdhklsinﬁ (Fl)

where A is the photons wavelength, djy; is the distance between two par-
allel plans of Miller index (,k,1) and 6 is the angle for constructive in-
terference. So depending on the order n an interference peak should be
found at the angle 0.

dpy is related to the lattice parameter a for every crystal structure, for
example for cubic crystal:

a

Ap = —F———
ki EiR Ll

(F.2)
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Figure F.1: Schematic diagram of diffraction of X-rays by a crystal (Bragg condi-
tion) [12].

XRD machines are made up by two rotating arms that revolve verti-
cally around the sample holder. One harm holds the X-rays, on the other
there’s the X-rays detector. Usually the source is fixed at grazing angle
with the sample while the detector spin around. The software will pro-
duce a graph called diffractogram where the double of the angle 20 and
the count are presented. Both solid samples and powders can be analyzed
and no vacuum is required because X-Rays travels free in air.

Using XRD is possible to find first of all if the sample is crystalline. If
it is amorphous, a broad hump will span all over the diffractogram, al-
though a crystal sample produces sharp peaks. By comparing these peaks
with those tabulated in the databases is possible to find the composition
of the sample. Also if the sample is polycrystaline, the Scherrer formula
relate the medium dimension 7 to the peak FWHM B:

KA
~ Beosh

where A is the X-rays wavelength, 0 is the maximum peak angle and K is
a constant.

A peak shift can be related to a lattice parameter strain via relation F.1
and can help study crystal deformation.

(F.3)
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The Rigaku, Smartlab [13] was used for this work, whit Copper as
X-ray source. The Smartlab combines in a unique apparatus, the facilities
of conventional 6 — 6 diffractometer (for phase analysis and thin films
characterization) and those of an Eulerian cradle diffractometer (for pole
tigure and strain/stress analyses). Accurate measurements of thin film
thickness, roughness and density are achievable through X-ray reflectivity
(XRR) techniques. Small Angle X-ray Scattering (SAXS) will allow particle
size distributions of nanoparticles suspended in solution.
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Figure F.2: Rigaku, Smartlab [13].



Appendix G

X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a technique that use the pho-
toelectric effect to evaluate the surface composition of a sample [5, 8]. All
the elements except for Hydrogen and Helium can be detected. Target
electrons can be emitted from any orbital with photoemission occurring
for X-ray energies exceeding the binding energy.

X-rays are generated using light elements like Al (Ex, = 1.4866keV) or
Mg (Exx = 1.2566keV) because they have very sharp linewidth. Produced
X-rays are filtered by a crystal to remove unwanted peaks and travel in
high vacuum to the sample.
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Figure G.1: XPS apparatus scheme [8].
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When a photon of high energy energy hv interacts with an electron in
the sample this escapes and is then detected. This electron must obtain
from X-Ray enough energy to exceed binding energy E;, and also the
detector work function ¢, (some eV). So the binding energy E, is related
to the detection energy Esp:

where g is the electron charge.
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Figure G.2: Energy level scheme of the sample and the detector [8].

Also Auger electrons are produced and detected. Binding energy is
characteristic for every element, so an XPS spectrum provides the compo-
sition of the sample surface. Deep analysis cannot be made because pro-
duced photoelectrons are absorbed before they escape, so this technique
can sample about 100nm depth. Binding energy of external electrons can
be slightly modified by chemical bonding, so a peak shift can indicate the
presence of chemical composite like oxides.

Usually detectors are hemispherical electrons energy analyzer. They
consist of two concentric conductive hemispheres that serve as electrodes
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and bend the trajectories of the electrons when a potential is applied.
Electrons enter via a narrow slit and their trajectory depends on their
kinetic energy and the applied voltage. So only electrons with selected
energy can reach the counter at the end of the path.

The PHI 5000 VersaProbe II [14] was used for this work with Alu-
minum source. The instrument is equipped with a monochromatic, micro-
focused, scanning X-ray source which provides excellent large area and
superior micro-area spectroscopy performance. Spectroscopy, depth pro-
filing and imaging can all be performed over the full range of X-ray beam
sizes including the minimum X-ray beam size of less than 10um. The
multi-technique includes a UV lamp for Ultraviolet Photoelectron Spec-
troscopyd(UPS)ameasurements.
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Figure G.3: PHI 5000 VersaProbe II [14].



Appendix H

Electrochemical measurements on
electrodes produced by sputtering
deposition and laser dewetting

After the main work described in Chapter 3, a brief comparison was made
with some electrodes produced using sputtering and dewetting process
using GP as substrate.

H.1 Electrode preparation

The samples were prepared by sputter deposition of a thin film with the
sputter Emitech K550X. The thin film was then irradiated using the laser
described in Appendix A in order to dewett the thin film. This laser
process is well known in literature [15] and is easy to perform, cheap and
rapid with respect to a flux oven.

H.1.1 Thin film deposition

Sputtering is a thin film deposition technique that uses a ionized gas
to extract atoms from a target and deposit them on a substrate. The
schematic apparatus in Figure H.1(b) shows the deposition chamber in
which a vacuum of ~ 10~ 2mbar is reached. Inside the chamber, the inert
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gas is pumped (typically Argon). Target and substrate are wired with
two electrodes that provides high voltage. This high voltage ionizes the
gas, forming a plasma in which the ions are accelerated toward the target
with an energy up to some keV. With this energy the incident ions collide
with the target ions and extract them. With non conductive target an RF
alternate current should be applied. The extracted atoms have an energy
up to 10eV but the amount of sputtered atoms depends on the material
sputtering yield defined as § = &fadedatoms = The jong travel toward
the chamber and reach the substrate were can nucleate and form thin
film. The thickness of the film so depends on the sputtering time and the
number of atoms. The machine used in this work allows to set the time
(up to 4 minute) and the plasma current (up to 50mA). The film thickness
is reported to grow linearly both with current and time [16, 17].
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Figure H.1: (a): Sputter coater used in this work [16]. (b): Sputter apparatus
scheme (A: anode, T: target, S: substrate, P: plasma) [17].

Three samples were prepared with the parameters of Table H.1: one
with Cu, one with Ni and another one sputtering first Ni and then Cu.
The mass of the deposited material was evaluated with RBS (as in Chapter
3) and the results a reported in Table H.1. The mass of the mixed sample
is given by the sum of the two Nickel and Copper because was made
by subsequent deposition. Sputtering parameters were chosen in order
to obtain a mass similar to one of the samples produced by PLAL-drop
casting. The different used current between the two target within the
same time is due because the Nickel has a lower sputtering yield than the
Copper.
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Target | Current Time | Dose Mass
Cu 10mA 4 min | 7.29-10%at/cm* 0.8ug
Ni | 25mA 4min | 7.02-10%at/cm?® 0.7ug

Table H.1: Sputtering parameters and RBS analysis results.

H.1.2 Laser dewetting

The dewetting process was conducted with the 532nm laser beam instead
of the 1064nm one used for PLAL in Chapter 2 because this shorter wave-
length carries double the energy per photon and is near to the plasmonic
peak of the Copper seen in Section 2.4.2. The laser beam was deflected
with a mirror and pass trough a adjustable beam splitter attenuator, then
is reflected with mirrors in an optical path of length ~ 17m and reaches
the sample placed in front of the digital power meter. A single shot on the
sample produced a laser spot of radius ~ 0.1cm. The laser energy fluence
was estimated to be 0.5] /cm? using Equation 2.1. The reason behind the
long optical path is that guarantee an uniform and homogeneous spacial
distribution of the beam intensity.

The repetition rate was set to 1Hz and sample was irradiated in 1cm?.
Figure H.2 shows an electrode with visible laser shot marks that cover the
area used for the electrochemical measurements.

Figure H.2: (a): Example of an used electrode. (b): The same electrode with
marked some visible sign of the usage.
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H.2 Electrochemical measurements and compar-
ison

The electrochemical measurements were conducted as the ones in Chap-
ter 3: first the OC and MS analysis to evaluate the band bending and then
in order CV, LSV and EIS both for HER and OER.

The results obtained from OC and MS are reported in Table H.2 and
Figure H.3 compared with the data from Chapter 3. The new Copper elec-
trode reports a band bending value similar to Cu_met and so the mixed
sample that presents also the double linear zone. The strong difference
is in the Nickel that presents very high value of band bending and also
a double linear zone. This strong difference may come from some issues
in the dewetting process: the laser wavelength (532nm) matches the Cop-
per plasmonic peak promoting the process, but is far away the Nickel
plasmonic peak ~ 300nm.
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Figure H.3: Mott Schottky plot of GP samples with marked x-intercept. Compar-
ison between electrode produced by (a): sputtering-dewetting, (b): PLAL-drop
casting.
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This Appendix Chapter 3
Sample VOC [m V] Vbb [m V] Sample VOC [m V] Vbb [m V]
GP -213 1132 GP -213 1132
Cu -198 1146 Cu_met -201 1142
Cu_et -183 1208
Ni -259 1368 Ni_met -192 731
Ni+ Cu -182 1036 mix -213 958

Table H.2: Obtained values for open circuit potential Voc and band bending
potential Vj;, both for samples produced by sputtering-dewetting and PLAL-
drop casting.

All the CV measurements were performed with at least 10 cycle and
all shows a slightly worsening on all the samples for both HER and OER.

LSV in HER shows that all the samples prepared in this way are worse
than the bare GP (Figure H.4 and Table H.3). Probably this behaviour
is due to the annealing process that leads to the formation of oxides
and/or some surface modification of the substrate. Only the mixed sam-
ple presents a similar behaviour in both fabrication techniques.

(a) (b)
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Figure H.4: Linear Sweep Voltammetry of GP samples for HER in 1M KOH on
electrodes produced by (a): sputtering-dewetting and (b) PLAL-drop casting.
Horizontal dashed line in both plots marks the current density of 10mA/cm?.
The plots are deliberately in the same axis ranges.
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This Appendix Chapter 3
Sample | n [mV] ﬁi?};ﬁ%e Sample | n [mV] ﬁii/sbzf]e
GP 506 192 GP 506 192
Cu 516 180 Cu_met 490 186
Cu_et 520 162
Ni 565 247 Ni_met 498 177
Ni+ Cu 532 196 mix 558 239

Table H.3: Summary of LSV measures on GP electrodes for HER in 1M KOH
both for samples produced by sputtering-dewetting and PLAL-drop casting.

LSV in OER shows some good results for the samples prepared in this
way (Figure H.5 and Table H.4). Copper and mixed samples curves are
very similar and so is their overpotential and Tafel slope, but the mixed
sample is slightly better. The Nickel sample, instead, grows very slowly.
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Figure H.5: Linear Sweep Voltammetry of GP samples for OER in 1M KOH
on electrodes produced by (a): sputtering-dewetting and (b) PLAL-dropcasting.
Horizontal dashed line in both plots marks the current density of 10mA/cm?.
The plots are deliberately in the same axis ranges.
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This Appendix Chapter 3
Sample | n [mV] Iii?}/sgz]e Sample | n [mV] ﬁii/sbzf]e
GP 361 41 GP 361 41
Cu 335 52 Cu_met 356 42
Cu_et 350 42
Ni 395 166 Ni_met 321 39
Ni+ Cu 333 52 mix 371 59

Table H.4: Summary of LSV measures on GP electrodes for OER both for sam-
ples produced by sputtering-dewetting and PLAL-dropcasting.

EIS (Figure H.6 and Tables H.5 and H.6) shows the explicit double
semicircle behaviour only for the Nickel sample indicating an high charge
transfer resistance. This is compatible with the previous measures of
high overpotential and Tafel slope. The mixed sample presents the lowest
Rt and the Copper sample presents the lowest R, (smallest semicircles)

indicating the low Tafel slopes. These considerations are valid for both
HER and OER.

@ (b)
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Figure H.6: Electrochemical Impedance Spectroscopy of GP-based electrode in
1M KOH for (a): HER and (b): OER on electrodes produced by sputtering-
dewetting.



APPENDIX H. OTHER ELECTROCHEMICAL MEASUREMENTS 160

Sample | R 1y Rel0] Ral0] Ry(0) Calf] wa QuIF)
Cu -1.48 3.0 2 60 0.01 0.7 0.007 0.6
Ni -1.46 5.6 7 132 0.001 0.5 0.01 0.7
Ni+ Cu -1.47 7.2 1 155 0.0001 0.6 0.01 0.7

Table H.5: Summary of EIS measures on GP electrodes produced with
sputtering-dewetting for HER fitted with [18].

Sample Vicgg%tlﬁ] R, [0 Re[Q] R, [Q] CalE] aa Qp[F] a
Cu 0.46 3.4 1 18 0.005 0.8 0.005 0.7
Ni 047 59 5 27 0.0003 0.7 0.004 0.8
Ni—+ Cu 0.46 7.2 1 24 0.002 0.8 0.006 0.7

Table H.6: Summary of EIS measures on GP electrodes produced with
sputtering-dewetting for OER fitted with [18].

H.3 Results and considerations

The model proposed in Chapter 3 can be applied also to this samples:
the band bending are represented in Figure H.7. In OER the downward
voltage steps (in the direction from the substrate to the liquid) represents
a forward bias, so the lowest overpotential correspond to the Ni+ Cu
sample as reported by the data. In HER the lowest overpotential corre-
spond to the Cu sample in which the junction between the substrate and
the NPs is in forward bias and the overall potential well is less deep.

e

Figure H.7: Band scheme of the GP electrodes produced by sputtering-dewetting
with marked approximated voltage steps (not in scale).
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All the results obtained in this Appendix involving water splitting are
summarized in Table H.7 compared with the ones found in Chapter 3 in
Table 3.14. The catalyst loading in all the sample is about ~ 1ug. The per-
formance in HER of the samples produced by sputtering-dewetting are
worse than the one produced by PLAL-drop casting maybe due to some
oxidation process occurred during the laser dewetting. The overpotential
in OER are comparable in the samples produced by both techniques.

Figure H.8 shows the same group of data of Figure 3.26 with new data
distributed between the others obtained in Chapter 3.

Catalyst | HER Tafel OER Tafel
Substrate | NPs loading slope slope

[ug/cm?] | nmV] [mV /dec] | y[mV] [mV /dec]
GP Cu_met 0.8 490 186 356 42
GP Cu_et 1.1 520 162 350 42
GP Ni_met 0.7 498 177 321 39
GP mix 09 558 239 371 59
NF Cu_met 0.8 211 90 338 51
NF Cu_et 1.1 224 95 331 51
NF Ni_met 0.7 230 90 327 44
NF mix 0.9 238 90 345 48
GP Cu 0.8 516 180 335 52
GP Ni 0.7 565 247 395 166
GP Ni+ Cu 1.5 532 196 333 52

Table H.7: Summary of the obtained results including Catalyst loading, Overpo-
tential vs RHE and Tafel slope for HER and OER in 1M KOH aqueous ambient
including data from Table 3.14.
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Figure H.8: (a): Literature data for HER from Table 1.2 [19] with added data
from this work. Two groups of data are presents indicating the NF-based and
the GP-based electrodes. (b): Literature data for OER from Table 1.3 [19] with
added data from this work. Obtained data are presented in Table H.7, red stars
are data from Chapter 3, green triangles are data from this Appendix. Mass
activity is evaluated from Catalyst Loading with Equation 1.22.
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