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Preface

Abstract

During this PA.D. thesis, I worked to solve two different issues exploring the
role of applied electrochemistry in the near future of industrial and
technological research. From one side I focused my attention on the energy
production from photovoltaic technology. In this context I studied the
environmental impact and performances of one of the most widely used
processes in the electroplating industry: bronze electrodeposition.

The goal of the work was the obtainment of a copper-tin alloy with 2:1 atomic
ratio of the two metals able to be considered a starting point in the obtainment
of the CuxZnSnS; compound called kesterite via the electrodeposition
technique; an intrinsic semiconducting material able to open new alternatives
in photovoltaics. The production of kesterite compounds via
electrodeposition represents a sustainable and scalable process from an
industrial point of view. Nowadays, bronze coatings are widely applied in
plating industry to replace nickel films on objects in contact with skin, as a
barrier-layer against corrosion. The most popular bronze plating baths are
cyanide-based due to their stability over work cycles and deposition
performances (deposition rate, film quality, etc.) but they involve issues
regarding employees’ safety and waste-water disposal. In this context, was
developed a cyanide-free bronze plating bath based on methanesulfonic acid
as the electrolyte, which is considered environmental-friendly. Bronze
coatings obtained from the bath were studied from the compositional,
structural, and morphological points of view. The results showed good

performance in terms of bath stability, alloy structure, and composition



Modifying the previously studied solution, was formulated a copper plating
bath based on methanesulfonic acid. This bath was used as a model-bath, to
explore the possibility to understand if an organic additive has a relevant effect
on the structure and morphology of an electrodeposited copper film (e.g.,
brightener) exploiting an “a priori” kinetic study instead of only
morphological analysis on the metal coating. Applying the Scharitker-Hills
theoretical model to chronoamperometric data was studied the modification
by thiourea of the metal film nucleation and growth mechanism, and its effect
on the copper surface morphology. Thiourea is known to be a brightener
additive in copper deposition. I verified that analyzing the effect of thiourea
on the nucleation and growth mechanism of the metal film was possible to
optimize its concentration in the solution. Moreover, the comparison between
the kinetic data and the morphological analysis on deposited samples showed
that the modification of the nucleation mechanism is a key step to tailor the
metal structure in order to develop kesterite compounds.

On the other side of my PA.D. thesis, I faced the issue of the sustainability of
electrodeposited catalysts for energy production and storage devices such as
fuel cells.

In the case of non-PGM-based catalytic surfaces, was studied the enrichment
of chars derived from the pyrolysis of waste tyres by the electrodeposition of
cobalt, as alternative catalytic material for oxygen reduction reaction in
alkaline fuel cells. Applying various deposition conditions was obtained
different Co-enriched catalytic chars. RRDE technique was exploited to study
the catalytic properties for the oxygen reduction reaction. The enrichment
strategy resulted in samples with very good catalytic performances. Moreover,
the catalyst obtained showed optimal stability over work time and attractive

economic sustainability.
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In the case of PGM-based catalytic surfaces, was developed a combined
electroless process to produce palladium coatings free of defects and with a
tailorable thickness on copper substrates, in order to use minimal quantities
of precious metal. Studying two different electroless techniques (displacement
plating and chemical plating) I managed to produce nanometered continuous
palladium films able to be implemented as catalytic surfaces. Combining the
two deposition methods I obtained micrometered palladium films, which
constitutes a valid alternative to the electrodeposited ones in the luxury goods

plating industry.
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General background and aims

Over the last decades, the interest in scientific and industrial research within
the surface coatings field is growing and consolidating. The practice to
modulate the surface properties of an object modifying the surface itself
instead of the bulk material is worldwide recognized as an advantageous
choice in terms of a variety of application techniques and sustainability in
terms of industrial scale-up. The function and the composition of the films
cover a lot of different fields: dielectrics, (organic, like polymers, or inorganic,
such as metal oxides), semiconductors and metals. The application of one or
more layers and their thickness depends on the function of the coating. The
surface properties obtained by the application of a film lay over a broad range,
e.g., corrosion protection, wear resistance, catalytic activity enhancement,
semiconducting properties, or aesthetical appearance.

Metals and alloys represent the election materials in the production of coatings
facing a wide range of applications from automotive and aerospace to
machinery and jewellery. Metal films could be obtained applying different
techniques and the more relevant are electrodeposition and physical vapour
deposition. The latter method is showing its increasing importance in the
coatings research field due to its capability to obtain not only metal films but
also metal compounds such as oxides and nitrides which can be applied as
functional coatings (e.g., high wear resistance films). Physical vapour
deposition is also considered an environmentally safe procedure with reduced
risk of potential release of dangerous substances. The main disadvantage lies
in the affordability of PVD technology. Electroplating is recognized as a
mature procedure to produce metal coatings. The first example of
electrodeposition of a metal is due to the Italian scientist Luigi Brugnatelli

who, at the beginning of the nineteen-century, managed to produce a gold
1



film over a silver medal exploiting a Volta pile and a gold-complex solution.
Since the first method to produce metal films over conductive substrates
exposed by Brugnatelli, the interest in the development of the so-called
electrodeposition science grew, disclosing the broad field of application of
metals and alloys coatings that nowadays plays an important role both in
academic research as in the industrial production. The major advantages of
electrodeposition with respect to the other techniques of surface finishing
reside in the tunability of film properties and competitiveness of large-scale
industrialization.

Although the major technological advancements occurred in the past forty
years, galvanic electrodeposition accounts today for almost 13 billion USD.
Although North America and Western Europe are leading the scenery is
estimated that their primary role can be injured by the Asia Pacific region due
to the role played by consumer electronics and automobile manufacturers,
which have large manufacturing sites in countries like India and China. The
Global electroplating market is projected to reach almost 16 billion USD by
2026 with a CAGR (Compound Annual Growth Rate) = of 3%. The fuel that
pulls the electroplating market growth is the increasing number of end-use
industries that found in the electroplating the suitable way to improve their
products, from electronics, automotive, and machinery to luxury goods.
Increasing concerns over dangerous wastes produced during electroplating
treatments and price volatility of the highly demanding precious metals could
mine the market growth, for this reason, the research, and development in the
electroplating field is facing new problems to solve, not only regarding the
properties of coatings but also the safety of the processes and the economic

sustainability of the materials.



Along with this panorama, this Ph.D. thesis is devoted to find a solution
regarding these two latter arising problems on two distinct applications of
surface science and technology.

From one side I decided to pose my attention to the safety and tunability of
the bronze electrodeposition process and on the other side, I worked on the
sustainability of electrodeposited catalysts based on PGM and non-PGM for
energy production devices.

The spread of the electrodeposition of copper-tin alloys (bronze) as an
industrial process can be addressed to the use of cyanide-based baths. This
type of solution is still the most widely used today in large-scale-plating
because the cooperation of copper cyanide and sodium cyanide simplifies the
co-deposition of copper and tin guarantying the stability of the bath. The
presence of cyanide represents a concern which researchers are struggling to
solve preserving the properties of the traditional cyanide-based solutions and
of the alloy coatings obtained. In this sense, during my PA.D. I developed a
novel bronze electrodeposition solution with the aim to overcome the
mentioned issues. The development of green copper-tin alloy plating baths
with tailored performances is a new step on the way to obtain a sustainable
class of semiconducting materials called kesterite or CZTS which represent an
alternative to the traditional doped silicon devices. kesterite is currently the
most promising emerging fully inorganic thin film photovoltaic technology
based on critical raw-material-free and sustainable solutions.

Part of the work sought to improve the deposition process of pure copper in
order to reduce the environmental impact for an increasingly eco-sustainable
production, and to tailor the metal structure in view of the development of
semiconducting materials. In galvanic industry copper plating is a very

important treatment and is often the first and irreplaceable step in the



electrodeposition of metal films such as bronze for both technological and
decorative purpose.

To improve this well know process I studied a new formulation based on the
methanesulfonic acid electrolyte, and I explored the effect of an organic
brightening agent on the nucleation and growth of copper films on the way
to obtain a performant deposition solution.

On the other hand, in parallel with the transition from fossil fuels to
alternative energy sources and the always more restrictive environmental
standards for fossil fuel engines, an arising problem can be solved with the
help of new functional coatings. One of the best promising alternatives to
fossil fuels is hydrogen, considered the greenest fuel possible (due to its
famous combustion product: water!). Fuel cells represent the device by which
chemical energy can be converted into electrical energy. This type of device
studied since the late ’30s of the twentieth century presents some issues which
researchers tried to overcome over the decades. One of the major concerns is
the electrode materials, which are the key to the efficiency of the cell. In terms
of performance, PGM are the election materials for fuel cell electrodes, but
the increasing cost and shortage of these materials pulled researchers to find
alternative solutions. In this perspective, I proposed two distinct strategies: in
the effort to use non-PGM materials were tested chars derived from the
microwave-assisted pyrolysis of end-of-life tires (ELTs) as a sustainable
substrate on which cobalt was deposited to produce green electrodes in ORR
for alkaline fuel cells. In the case of the use of PGM materials was tried to
optimize the deposition of palladium thin films on copper via electroless
techniques. These types of techniques, involve redox reactions and allows the
production of thin and ultra-thin metal films through an easy-access
procedure. In this way, were tried to tailor the catalytic properties of a copper

substrate using a competitive amount of precious palladium. This procedure
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resulted interesting also from an industrial point of view for luxury accessories
and jewellery, where palladium is used as an intermediate layer or top layer.
Palladium films obtained from an electroless deposition could open the doors
to a more cost-effective industrial process respect to the electrodeposition

one.



1 Towards an innovative bronze
plating process

1.1 Introduction

Bronze plating baths can be divided in two main categories: cyanide-based
solutions and cyanide- free solutions. The first category represents the oldest
and tradition type of formulations developed for the deposition of bronze
coatings. In cyanide baths copper is dissolved as cyanide complex while tin
can be found in different forms such as stannate or tin pyrophosphate, in
most cases. The other components of a typical commercial bath are sodium
or potassium cyanide, hydroxides, and brighteners which could be both
organic compounds, inorganic compounds, and small amounts of metal ions
(such as zinc, lead or bismuth ions). From an industrial standpoint the first
time that this type of bath became important for the plating sector was after
the second world war when the shortage of nickel forced plating companies
to find a valuable alternative for corrosion protection, decorative purposes,
and sub-coats for chrome plating. Nowadays, bronze plating is facing a new
interest from plating industries (decorative plating companies) due to the
concerns arise from the risk of allergies caused by nickel in applications where
this material could go in contact with human skin. Some countries have
already released a specific regulation on this topic as in the case of the
European community who banned objects with a Ni release higher than 0.5
mg-cm*week (UNI EN 1811:2011).

In contrast with the undoubted advantages of bronze plating (i.e., corrosion
protection and application as under-coat in decorative plating), its use is not
free from problems such as a content of 15-60 g/L of free cyanide in the

deposition baths, which represents an issue to the safety of galvanic plant
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technicians and to the disposal of exhausted solutions. Although inexpensive
compared to coatings of noble metals, bronzing process is characterized by
high production costs (approximately double the industrial deposition of
nickel). To overcome these problems, a lot of work was done in the past
fifteen years. Acid baths based on sulphates [1—4], but also on pyrophosphate
[5], and oxalates [6], which represent the conventional matrices for copper
deposition, were extensively studied. Similarly, formulations obtained as
upgrades of solutions used for the deposition of tin were studied, as in the
case of phenylsulfonic acid (PSA) [7], but alkaline baths free from cyanides
have also been developed [8]. In recent years, a particularly studied electrolyte
has been methanesulfonic acid (MSA) which, thanks to its advantages, is
excelling over all electrolytes studied so far. MSA has proved to be an ideal
electrolyte for many electrodeposition processes, being convenient from a
chemical and economic point of view. Among its advantages, the high
solubility of metal salts, the low oxidizing power both towards organic
compounds and metal ions and the conductivity of its aqueous solutions. In
this regard, it is important to emphasize that, the conductivity of the solution
from which the electrodeposition is made, is a fundamental parameter to
guarantee good process performances. Last but not least important, this
electrolyte is also extremely advantageous from an environmental point of
view since, being part of the natural sulphur cycle, it is considered a
biodegradable product [9]. As regards the precursors of the two metals to be
deposited, the salts used vary according to the electrolyte solution chosen. In
the case of the acidic baths, chlorides were used for pyrophosphate-based
baths, while the sulphate salts of metals were widely used for sulfuric acid,
phenylsulfonic acid, oxalic acid and methanesulfonic acid baths. In the case
of the latter electrolyte, methanesulfonate salts have also recently been used.

In all the baths described so far, many additives must be used to achieve

7



uniform and shiny coatings. Organic substances were historically chosen
empirically. The effect of adding additives on the electrodeposition process
and the quality of the obtained coatings is determined by the nature of the
organic compound and its content in the bath. For example, additives such as
polyethers or polyesters are added to sulphate-based baths as they act as
wetting agents and inhibitors (levelling agents) [1,2] producing smooth
surfaces. Furthermore, a second organic substance containing double bonds
or aromatic rings is usually used as a brightener to obtain glossy and shiny
coatings [2]. This is the case of benzyl alcohol, which was used to obtain bright
bronze coatings with 20%., tin [10], and of benzaldehyde, whose effect on
sulphate electrolytes was studied by Survila et al as already cited. To promote
adsorption on the cathode surface it is necessary to use additives containing a
positively charged group, the most used is the amino group. In this regard,
Kasach et al recently studied the effect of additives, containing amino groups,
for the electrodeposition of the Cu-Sn alloys in an oxalic acid bath. They
demonstrated that the introduction of trimethylammonium chloride and N-
octylpyridinium bromide inhibits the deposition of tin and promotes the
formation of shiny coatings containing 24.4-35.8%. of Sn; on the contrary,
the presence of N-benzylpyridinium bromide intensifies the cathodic
reduction of tin leading to the formation of opaque coatings containing up to
42.5%: of Sn [6]. The large difference between the reduction potentials of
Cu* and Sn** (AE = 0.5 V) represents a criticality for the co-deposition of

the two metals.

Cu*" + 2¢ = Cu Eo = +0.34 V vs. SHE
Sn*" 4+ 2¢ = Sn Eo = —0.14 V vs. SHE

In the last decade it has been observed how EDTA
(ethylenediaminetetraacetic acid) is able to complex the Cu®*" and Sn*" ions in

8



sulfuric acid-based solutions whose pH have been adjusted by adding NaOH
(pH = 3.4), obtaining a deposition of tin which varies from 27%wt to 60%wt
depending on the applied potentials [4]. An alternative to endorse the
potential gap problem has been the development of new baths based on
electrolytes used commercially for the electroplating of tin, for example
phenylsulfonic acid (PSA)[7]. In this regard, Bengoa et al. studied a PSA bath
containing CuSO,; and SnSO, using Diphone VI (D6) (a sulfonated
compound containing aromatic rings) and benzyl alcohol as additives. These
additives synergistically increase the deposition of tin and make it possible to
obtain, with an efficiency of 92%, bronze coatings containing up to 22%.. of
tin [7]. In recent years, several methanesulfonic acid-based baths have been
formulated. Although MSA has a poor oxidizing power, compared to other
acids, the oxidation of stannous tin to stannic still represents a problem in
systems based on this electrolyte. For this reason, antioxidant compounds are
usually included in galvanic baths to inhibit the formation of stannic oxide.
Recently some authors have proposed the use of hydroquinone as an
antioxidant for Sn**, thus obtaining the deposition of the desired percentage
of Sn for the formation of the bronze (Cu-Sn) and white bronze (Cu-Sn-Zn)
alloy. In 2013, Pewnim and Roy [11] had obtained bronze deposits containing
96%04: of tin using MSA as electrolyte (pH=1.17), hydroquinone as antioxidant
and with the support of commercial perfluorinated surfactants (DuPont™
ForaFac® 1098). In this regard, some studies [11-13] report how the use of
the perfluorinated cationic surfactants has no effect on the deposition
potential of tin but, at the ideal concentration of 0.01%.., facilitates Cu-Sn co-
deposition making the deposition potential of copper more negative, as well
as limiting the development of hydrogen. Low et al. also studied the effect of
hydroquinone on slowing the oxidation of the Sn*" ion to Sn*" generated on

the anode [14]. The development of innovative electroplating baths for the
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electrodeposition of bronze and white bronze has become a very coveted and
defended brand also from the point of view of intellectual property, which is
why the panorama of patents dealing with this topic has become very vast.
Patent US 7,780,839 B2 [15] reports the use of mercaptans (mercaptotriazoles
and mercaptotetrazoles) as stabilizers of metal ions in their lowest oxidation
states, using HoSO4 or MSA as matrices. These compounds favour the
formation of uniform deposits and, with the support of other organic
additives such as antioxidants, chelators, brighteners, grain refiners and
wetting agents, allow to obtain excellent white bronze deposits. On the same
line, subsequent patents, such as the American one US 9,145,617B 2 [16]
,sreport the use of mercaprotriazoles and mercaptotetrazoles together with
other organic additives, for a performing deposition of white bronze starting
from Cu(II) and Sn(II) or, in the case of the recent patents US20160298249A1
and EP3002350B1 [17,18], also starting from Cu (I). In the cited patents,
among the mercaptan compounds, 1-(2-dimethylamino-ethyl)-5-mercapto-
1,2,3,4-tetrazole and 5-ethyl-3-mercapto-4-phenyl-1,2,4-triazole were the
most widely used mercaptotetrazoles and mercaptotriazoles, respectively.

In addition to constant current and potential techniques, alloy deposition may
be carried out in pulsed mode, where the current density or potential may be
alternated between set values. Higher throwing power deposition can be
realized by applying pulse plating, leading also to deposition on irregular
shapes and surfaces that can be effectively levelled up. These is the case of the
work by Beattie and Dahn where they tried to obtain Cu-Sn multi-layered
structures using pulsed electrodeposition from a commercial tin plating bath
enriched with a copper salt [19] and the recent work by Zanella et al. [20]
where the effect of pulsed deposition parameters and anodic materials was
studied for the optimization of the electrodeposition process of the Cu-Sn

alloy in an acid bath of MSA, thus evaluating the quality of the deposit also in
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terms of corrosion resistance. In this regard, a recent work by the Applied
Electrochemistry group of the University of Florence, published by Berretti
et al. reported a comparative study on corrosion resistance in an aqueous
solution of 3.5% NaCl of two white bronzes, Zn-bearing and Zn-free,
respectively with or without zinc [21]. The results showed that corrosion
occurs with two different mechanisms, and that the Zn-free white bronze
alloy shows greater resistance to corrosion in this environment. Recently
Rosley et al. studied the effect of different complexing agents on the
deposition of the Cu-Sn-Zn ternary alloy on a carbon substrate, starting from
an aqueous solution in which chloride salts as precursors of the three metals
and sodium hypophosphite as reducing agent were dissolved. They observed
that by adding 0.20M sodium formate it was possible to deposit a uniform and

smooth ternary alloy [22].

1.1.1 Bronze plating in photovoltaics

The development of different strategies to overcome the problems of
traditional bronze plating has opened the doors also to innovative properties
of the coatings from a chemical and physical point of view. The ability to
realise controlled deposit morphology, composition and structure has been
improved by newer electrolytes, improved electrolyte additives and pulse
plating. Traditional uses of tin-copper alloy deposition have included jewellery
and antique finishes, speciality electronics and bearings.

One of the more ambitious application of bronze electroplating is the
production of a semi-conducting material as a sustainable alternative to
doped-silicon for photovoltaic application. The solar photovoltaic (PV)
market in recent times has steadily grown, achieving at the end of 2018 a global

operating capacity of 520 GW ; this may play an important role in electricity
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generation in a few countries, but still does not contribute a sizeable fraction
of the global energy needs, being capable of producing roughly 4% of the
worldwide electricity [23]. Various reasons contribute to the limited adoption
of PV technology. Silicon solar cells currently make-up ~ 85% of the PV
market [24] but are still more expensive (per unit energy produced) than
conventional energy sources. Thin-film chalcogenides present advantages
over Si, as they feature a direct bandgap that results in a high absorption
coefficient (x > 104 cm™) [25], and lower sensitivity to grain-boundary
recombination, allowing the use of thinner and polycrystalline materials, thus
decreasing raw materials and manufacturing costs. CdTe [24] and chalcopyrite
CulnGa(S,Se). [26] based devices exhibit high efficiency (up to 22.9 %) [27],
but recently have experienced limited growth, due to the fact that these
technologies rely on relatively rare elements in the earth’s crust (In, Te) [28],
and/or to the toxicity of Cd, whose use is subject to stringent regulations. An
alternative material for PV absorbers made up of abundant elements only,
stable in air, and with demonstrated > 10% efficiency [29] are thecompounds
CuyZnSnS,/Cu,ZnSn(S, Se), (CZTS/CZTSSe) [30].

While CZTS/CZTSSe ctystallize in various structures, the thermodynamically
stable one is the kesterite structure [31]. Both CZTS and CZTSSe exhibit a
direct bandgap of 1.4 — 1.5 eV, p-type doping (1015 to 1020 cm™) controlled
in part by stoichiometry [32], and most importantly the low sensitivity to grain
boundary recombination. Despite these characteristics, CZTSSe which is
more efficient than CZTS [33], has so far reached an efficiency of only 12.6
% [34]. The inferior performance is usually ascribed to the complexity of this
compound and the limited stability range of the chemical potential of the
constituent elements. Various electrodeposition methods [35] have been
targeted a pure kesterite phase [36], which aimed for pure phases and ideal

stoichiometry, also using a top electrode to avoid gravity effects [37,38]. While
12



the overall target is the electrodeposition of Cu,ZnSn precursor films for a
CZTS/CZTSSe absorber, in this work was sought to develop a novel, low
environmental impact electrodeposition bath capable to reliably form a
smooth, dense Cu-Sn alloy with a 2:1=Cu:Sn stoichiometry.

This novel Bronze (Cu-Sn alloy) electrodeposition formulation avoids the use
of cyanide as a complexing agent; this is in contrast with current industrial
bronze deposition baths which include highly concentration cyanide (15-60
g/L) [39]. Moreover, methanesulfonic acid (MSA) was used both as the
electrolyte and complexing agent. MSA is a useful compound from various
points of view [9]; it is biodegradable (undergoes the sulphur natural cycle), it
shows poor oxidizing behaviour against metal ions and organic compounds

and features a conductance comparable with that of commonly used acids.
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1.2 Development of a new green formulation
for bronze plating

In this section will be presented the development of an innovative formulation
for the deposition of copper-tin alloy (bronze). This work represents the first
step for the obtainment of the previous mentioned kesterite compound, a
sulphurated Cu-Zn-Sn alloy with a stoichiometric ratio of the metals equal to
2:1:1. The solution developed during this Ph.D. thesis also represent a valid
alternative to traditional bronze plating baths being a sustainable cyanide-free

formulation.

1.2.1 Experimental

1.2.1.1 Electrodeposition of copper-tin alloys

Throughout the development of the various formulations, to find the best
one, various additives and ion precursors have been investigated, with the aim
to identify the best combination in terms of electrochemical performance and
bath stability. The reagents used for the proposed deposition baths and their
abbreviations are listed in Table 1.1. Note that the water utilized in all the
experiments had a maximum conductance of 3 uS-cm™. The films studied
wete deposited on Cu—Zn(bulk)/Ni(~20 um)/Au(~0.5 pm) substrates and
from various electrolytes, as detailed in Table 1.2. Deposition areas were
controlled by immersion area of the substrates in the deposition baths.
Voltammetric analyses were carried out in a three-electrode cell using a 3 X
0.5 cm® polycrystalline platinum plate working electrode and 2 9 X 2 cm?
polycrystalline platinum plate counter electrode. The tests were performed
with a Metrohm Autolab mod. PGSTAT302N Potentiostat/Galvanostat
computer-controlled by Nova® 2.1.4 software (Metrohm) using Ag|AgCl
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(0.197 V vs SHE at 25 °C and KClI sat.) electrode as reference, with respect
to which all potentials recorded in this study are referred. The potential range
for cyclic voltammetry (CV) measurements started at —0.7/—0.8 V to +1.0 V
and return, with a scan rate of 50 mV-s '[40]. Samples grown under
potentiostatic conditions were made using the PGSTAT302N applying a
potential in the range from —0.25 V to —0.65 V. Samples obtained under
galvanostatic conditions were grown using an ELC bench power supply mod.
ALR3002M (voltage undulation < 3 mV peak to peak or 1 mV RMS and
current undulation < 1 mA RMS [41]) ranging from 0.865 A-dm ™ to 2.173
A-dm™ (corresponding to a cutrent range from 0.039 A to 0.163 A). The range
of potentials and consequently of current densities had been selected to cover
a wide range of electrochemical conditions of metal deposition and study the

evolution of the film composition and crystalline structure.

Reagent Supplier Purity grade Abbreviation
Methanesulfonic . . Reagent Plus =
acid Sigma Aldrich 99% MSA
1 >
Hydroquinone Sigma Aldrich Reagegngto/Plus 2 Hyd
0
Nitrilotriacetic . . Sigma Grade 2
Acid Sigma Aldrich 99% NTA
2-Picolinic Acid Sigma Aldrich = 99% 2-Pic
Copper Sulfate .
heptahydrate AMPERE.s.rl technical grade Cu(DSFT
Copper(1I) . Solution 125 g/1,
Methanesulfonate Todini & co. spa. technical grade Cu(l)MSA
Tin(ID) . Solution 300 g/1,
Methanesulfonate Todini & co. spa. technical grade Sn(IHMSA

Table 1.1 - Reagents of the experiment.
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Cu(I) | Cu(I) | Sn(Il)
# | MSA Hyd | NTA | 2-Pic pH
SFT | MSA | MSA
200 10g/L | 20¢g/L 11g/L 11g/L
1| ml/L 0.09 | (0.105 - (0.17 - 009 | <1
(3,08 M) M) M) M) M)
200 10 g/L 20g/L | 11g/L 11g/L
2 | ml/L (0.09 - 0.105 | (0.17 - 009 | <1
(3,08 M) M) M) M) M)
200 10g/L | 20¢/1. | 18&/L | 11g/L 11 /L
3 | ml/L 009 | (0105 | o | ©17 - 009 | <1
(3,08 M) M) M) M) M) M)
200 10g/L | 20g/1 | 18/L 1Me/L | 11g/L
4 | ml/L 009 | 0105 | om - 017 | 009 | <1
(3,08 M) M) M) M) M) M)
200 10 g/L 20 g/L. Mg/L | 11g/L
5 | ml/L (0.09 - (0.105 - 017 | 009 | <1
(3,08 M) M) M) M) M)
200 10g/L | 20g/L | 18&/L 11g/L | 22¢g/L
6 | ml/L 009 | (0105 | - 017 | 018 | <1
GOSM) | M [ M) | Mo M

Table 1.2 - Prototypes composition.
1.2.1.2 Materials characterization

The SEM images and alloy compositions were acquired from a FEI Quanta
650 with an Energy Dispersive Spectroscopy (EDS) attachment, with an
acceleration voltage of 20 kV. The interaction of the 20 keV electron beam

with CugsSnos film was simulated using Casino v2.4821 with 50000 electrons.
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-974.7T nm -487.3 nm D @mm 487.3 nm 974.7T nm

Figure 1.1 - Interaction volume of 20keV e-beam with Cuo;5Snos, with red trace indicates
backscattered electrons and blue traces for secondary electrons.

The thermodynamics of the Cu—Sn system was calculated by a custom-made
Python program, with the energetic and entropic data extracted from
references[42,43] while the crystallographic analyses were conducted using the
CrystalMaker suite [44,45] combined with the Inorganic Crystal Structure
Database (ICSD) [46] The X-ray Diffraction patterns were collected in the
0—26 (Bragg-Brentano) configuration, using a PANalytical Empyrean X-ray
diffractometer with Cu Ka as the source (dual-wavelength li,i = 0.1540 nm,
lkez = 0.1544 nm, Ikt Ika1 = 0.5). The cross-sectional views of the samples
were prepared by gluing the deposit with Si wafer pieces as the protective
counter by Crystalbond™ (Ted Pella) at the temperature of 150 °C for 30s.
The samples were then mechanically clamped, followed by a conventional
grinding-polishing recipe and setup, finished with 1 um diamond paste. The
Si support was removed mechanically at 150 °C within 30s, while the residue

Crystalbond was cleaned by immersing in acetone and methanol for 6 h each.
17



1.2.1.3 Preparation of prototype baths

Each bath prototype was prepared adding the constituents in the presenting
order in Table 1.2 from left to right, under stirring and at ambient temperature,
except for the NTA, where the system had been warmed to 50 °C to accelerate
its dissolution. The solutions were prepared utilizing MSA as the supporting
bath, resulting in all solutions having pH < 1. Prior to the study of the
complete formulations, some preliminary tests were carried out to understand
the physicochemical and electrochemical behaviour of the constituents.
During these tests it was observed that the dissolution of nitrilotriacetic acid
in the water/MSA system gave an unstable solution as reported in the
literature. However, under the presence of hydroquinone, NTA was dissolved,
and the solution was observed to be stable, which had never been reported to
the best of my knowledge. The change in the solubilization behaviour of NTA
could be due to intermolecular weak interactions between NTA and
hydroquinone, which may facilitate the dissolution of the commonly water-

insoluble nitrilotriacetic acid.

1.2.2 Results

1.2.2.1 Cyclic voltammetry results

Cyclic voltammetry (CV) was used to qualitatively assess the redox potential
peaks for each metal ion, while varying formulation with the aim to minimize
the separation among the cathodic peaks. The CVs were carried out between
— 0.7 V and 1 V. The initial metal precursor couple being studied were
Cu(D)SFT and Sn(II)MSA. Two types of organic additives had been used in
this first formulation: hydroquinone and nitrilotriacetic acid. Hyd acts as an

antioxidant, helping to avoid tin precipitation as tin oxide or hydroxide [14].
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Hyd oxidizes to benzoquinone (Fig. 1.2), preventing the oxidation of Sn*" to
Sn**, through the appropriation of the electrons derived from the oxygen
solubilized in water.

HO HO

—_——
—

OH OH
Figutre 1.2 - Hydroquinone/benzoquinone couple.

Its action could be easily explained by the simple redox reactions as follows:
2C¢H,OH, » 2C,H,0, + 4H™ + 4e” E® = +0.699 Vs gy
0, + 4H* + 4e~ —» 2H,0 E® = 1.299 Vis sHE

NTA (Fig. 1.3) is a chelating agent, which at acidic pH values forms univalent
complexes with copper and allows a two-monoelectronic steps mechanism

for the reduction of Cu®* ions [47—49].

(o] OH

HO OH

0]

Figure 1.3 - Nitrilotriacetic acid structure.

The two following reactions could explain the chelating behaviour of NTA:
Cu?* + NTA™ - [Cu(NTA)]* pKsapr = 12.96

[Cu(NTA)]* + NTA™ - [Cu(NTA),] pKstapz = 4.3
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Using the above components, was formulated the prototype formulation #1

(see Table 1.2).

Prototype 1

0,35 4

0,30

0,25
0,20 3
0,15 3

010y~

/A

0,05 3

0,00 3
-0,05
-0,10 3

-0,15 3

-0,20
08 -06 -04 -02 00 02 04 06 08 10

E/V (vs Ag/AgCI/KCI sat.)

Figure 1.4 - Cyclic Voltammetry (50 mV/sec) of prototype # 1

Figure 1.4 depicts the CV diagram due to the combined redox processes of
Hyd, copper, and tin. The cathodic direction of the first scan (black line)
showed two reduction peaks of copper with V.= -0.28 V, a peak at -0.48 V
(highlighted in the inset) due to two-monoelectronic-steps mechanism
assigned to NTA, and the tin reduction peak with V. = -0.64 V. In the anodic
direction the tin oxidation peaks at V. = -0.46 V, copper oxidation occured
at Vpa = +0.3 V, and a broad signal was obtained due to the oxidation of Hyd
to benzoquinone with V,, = +0.74 V. In the second scan a peak appeared at
Ve = 0.00 V, corresponding to the broad reduction of benzoquinone. From

an electrochemical point of view this solution appeared to be suitable to
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produce alloy samples, because the reduced separation between the second
copper reduction peak (V.= -0.48 V) and the tin reduction peak (V= -0.64
V) made them overlap, obtaining a range of potentials in which the two
elements could co-deposit. Deposits from this bath prototype however were
not made, because within a few days this solution formed a white precipitate
(probably Sn(OH),) suggesting limited and unsuitable stability.

To improve the bath stability, was investigated a different complexing agent,

2-Picolinic Acid.

X

HO s
N

O

Figure 1.5 - 2-picolinic acid structure.

The two following reactions explain the chelating behavior of 2-Pic:
Cu?* + Pic » [Cu(Pic)]** pKsiaps = 8.6
[Cu(Pic)]?* + Pic » [Cu(Pic),]*t pKgrapz = 7.4

2-Pic is another Copper chelating agent [50], which allows one dielectronic-
step mechanism for the reduction of Cu”" ions [51]. Two different electrolyte
formulations utilizing this molecule were produced (prototypes #2 and #3),
allowing studies of bath stability and the behaviour of Cu®’ ions. Bath
prototype #2 contained only 2-Pic, while prototype #3 contained both

compounds.
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dE _ Prototypes 2 and 3
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Figure 1.6 - Cyclic voltammetry comparison (50 mV/sec) of single metal precursor (a) and
(b) formulations versus protypes formulations # 2 and # 3 (c).
As can be seen in the CV of single metal precursor formulations (Figures 1.6.a
and 1.0.b), the addition of Hyd affected the electrochemical behaviour of both
metallic ions in solution, while NTA and Pic interacted only with copper ions.
Figure 1.6.a (Sn(I[)MSA solutions data) shows that Hyd reacted both as an
Sn** complexing agent and as a hydrogen discharge inhibitor, while NTA and
2-Pic did not have an appreciable effect on Sn*" electrochemical behaviour.
Figure 1.6.b shows the activity of organic additives on Cu(II)SFT ions. As
shown in the voltammograms, Hyd had a retarding effect both on the onset
cathodic potential and the peak current potential of Cu®" ions, but the addition
of NTA and 2-Pic resulted in a greater shift on the cathodic peak potential of

these ions.
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Figure 1.6.c compares the CV of the two alloy deposition baths. These results
illustrated that the cooperation of NTA and Pic caused a splitting of the
copper reduction peak, suggesting a difference in the Cu reduction
mechanisms due to different complexing agents. As can be deduced from
Figs. 1.6.a and 1.6.b, NTA presented a similar effect to 2-Pic, affecting the
redox potentials of both Cu®" and Sn**. Thus, the differences observed in the
redox potential of metal species in the alloy deposition formulations (Fig.
1.6.c) with respect to the single metal precursor formulations (Figs. 1.6.a and
1.6.b) were probably related to enthalpic interactions induced by alloying [52].
The use of two complexing agents also resulted in the improvement of bath
stability.

Both solutions showed limited stability, so an alternative combination of metal
precursors were tested to further improve stability. Specifically, Cu(I)MSA
was used in place of Cu(I)SFT as a precursor , thus formulating two
additional prototypes. These two solutions were listed as #4 and #5, and their
additive composition was comparable with that of prototypes #2 and #3 (see

Table 1.2).
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Figure 1.7 - Cyclic voltammetry comparison (50 mV/sec) of single metal precursor
formulations (a and b) vs prototypes # 4 and # 5 (c).

Fig. 1.7 reports the comparison between the new single metal precursor
formulations labelled as Fig. 1.7.a and 1.7.b and the alternative Cu and Sn
precursors formulations (Fig. 1.7.c) corresponding to prototypes # 4 and # 5.
In the voltammograms in Fig. 1.7.c the presence of two metallic ionic species
in solution with different standard reduction potentials caused for the less
noble element (tin) a reduced area signal respect to the same cathodic signal
in Fig. 1.7.a (in Fig. 1.7.c V,,, red = -0.56 V or V,, black = -0,6 V) due to the
limiting current of the more noble metal (copper), whose reduction peaks in
Fig. 1.7.c are V, red = -0.36 V and -0.24 V or V,. black = -0.22 V.
Comparing the CVs in Figs. 1.7.a and 1.7.b (i.e. the single metal formulations)

to the CV in Fig. 1.7.c (i.e. alloy deposition formulations) the onset potential
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of copper reduction was negatively shifted by 0.1 V in both the bath
prototypes.

Prototypes 5 and 6

035 3
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- MSA-Hyd-NTA-2-Pic-Cu(ll)MSA-
Sn(I)MSA(Sn 22 g/L)

-OI,8 -06 -04 -02 00 02 Oj4 06 08 1,0
E /V (Ag/AgCI/KCl sat.)

Figure 1.8 - Cyclic voltammetry (50 mV/sec) of prototype # 5 compated with prototype #
6.

The location of the reduction peaks suggested that Cu and Sn were stabilized
by each other, but this stabilization didn’t derive from the mechanism of the
anomalous co-deposition as in the case of Fe-Ni or Zn-Ni alloys [53], because
in this case the nobler element is always present in greater quantity in the films
deposited.

The characteristic effect of the cooperation of 2-Pic and NTA was the evident
differentiation in the Cu** reduction mechanism, as already observed in
Figures 1.4 and 1.6.c. The last prototype (# 6) had the same composition of
prototype #4 but with a doubled concentration of Sn(I[)MSA, in order to
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obtain a 1:1 copper:tin molar ratio in the electrodeposited film, necessary in
the attempt to synthesize Cu,ZnSnS..

CV data of bath #6 are compared to bath #5 in Fig. 1.8; doubling the
concentration of tin precursor caused an increase of its cathodic and anodic
peak area (red line, anodic peak current at -0.26 V and cathodic peak current
at -0.57 V). Moreover, the resulting CV showed a variation in the cathodic
Cu" traces: the reaction Cu’— Cu’ (peak current at -0.38 V) was significantly
increased with respect to the same peak obtained from the solution with a
Cu:Sn precursor molar ratio equal to 1:0.5 (black line).

Overall, the various additives introduced in the electrolyte did not significantly
change the equilibrium potential of both Sn and Cu, suggesting that limited
complexation occurs at pH below 1. However, NTA and 2-Pic was found to
slow down the kinetics of Cu, while the Sn deposition rate was almost
unaffected. Tentatively, was hypothesized that the local pH increase due to
hydrogen evolution enabled NTA and 2-Pic to dissociate and complex with

Cu, thus slowing the kinetics of Cu reduction.
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1.2.2.2 Thermodynamics and crystal structure of electrodeposited
films

Solid: Shim et al. (1996)

Dashed-dot: derived from Shim et al. (1996)
; ; Dashed: Li et al. (2013)

2+ \ -~ afcc-(Cu,Sn)
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Figure 1.9 - Free energy (G/RT) vs. X, curve for the Cu-Sn binary system at T=298K,
extracted from various CALPHAD works [42,43].
Due to the importance of Cu-Sn interfacial reactions in soldering processes,
the phase diagram of Cu-Sn alloys was studied extensively. Low-temperature
annealing of the Cu-Sn diffusion couple yields the phases of ¢(CusSn) and
7'(CueSns). Moreover, even at room temperature, other intermetallic phases
more stable than the disordered a(fcc) phase can be formed, showing a strong
affinity between Cu and Sn and their strong tendency for ordering. At high
temperature around 15%ss, ., the bee solid solution phase §is more stable than
the fcc solid solution phase a, suggesting the possibility of a stable bce phase
owed to the presence of Sn. Modelling of the binary Cu-Sn system was
investigated since 1996 [54-59]; different models revealed varying stability of
f(bce) at low temperature in the Sn-rich region, as shown in Figure 1.9. The
models considered suggested that metastable & and { phases are very close to

the stability line e - «, indicating their small degree of metastability.
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Crystal structure of the phases present in the experimental Cu-Sn phase
[42,43] (including the o’(hcp) phase in electrodeposited Cu-Sn) [3,4,10,60] are
summarized in Table 1.3. The calculated XRD profiles of these phases had
similar, strong reflections, making it difficult to identify such phases. Was
hypothesize that these intermetallic phases were somehow related to each
other, therefore was used the software CrystalDiffract [44] to fit the patterns
to face-centered and body-centered structures by continuously varying their
lattice parameters. Through this process, were categorized the intermetallic
phases as different parent phases and fitted their corresponding parent-phase
lattice parameter, which is listed in columns 7-9 of Table 1.3. For some phases,
however, the choice for the bcc lattice was not unique; for example, each set
of Miller indices {221,113,311} and {221, 113, 311} may represent the
(001) planes of the bce structure but could also be related by 2-fold rotation
along (010) of n'. Therefore, was assumed that these bec units were related to
symmetry operations for the crystal through either 2-fold or 3-fold rotational
axes as listed in Table 1.3, which was visualized by reducing the symmetry of
the crystal to P1 (consisting only of translations) before calculating their XRD
profile in CrystalDiffract, such that the original degenerate planes with respect
to the rotation axes could be reduced and all possible combination of the

planes could be shown.
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Range of

Space ICSD composition from Stability Fitted lattice Orientation relationshi
Phase | Stoichiometry p collection posiy WRT Parent phase parameter WRT entation rerationship
group phase diagram WRT parent phase
code o 298K parent phase
_ /Oat,Sn
4 (Cu, Sn) Fm3m 43493 0~9 Stable fce a=3.616 A
Not in am27 A, cm43 A
o (Cu, Sn) 5:[3"1 N/A N/A Phase hep Based on the
¢ diagram reference [41-43]
141 Compressed a=5.831 A
sn Sn /amd 106072 100 Stable diamond cubic c=3.181 A
_ Unstable _
B (Cu, Sn) Im3m 103107 12~17 <586 °C bee a=3.026 A
bcc001—-221,113,
, C.S c2 106530 4446 Stabl b 2970 A 311 and their symmetric
n UgoT5 /c ~ table cc A= equivalent planes set WRT 2-
axes along b
a=2.943 A bec001-011107T,
P64 Unstable Symmetry of bcc- 111 and their symmetric
56282 ~ b ; c
n CugSns /mmc 43~46 <189 °C ce 011 plane broken equivalent planes set WRT 6-
into two set of peaks axes along &.
_ Unstabl
y CusSn Fm3m 185003 16~28 <§;t3 °(e: bee 2=3.108 A bcc-001—-002
_ Unstabl
5 Cligy Sy Fi3m 439 21 noabe bec a=2.994 A; bec-001- 006
<350 °C
Unstable Unknown. With bec001 - 11 g 1 23, 2 1%
¢ CuyoSny P6; 1847 21~22 <582 °C bec characteristic abec=3.004 A and their symmetric equivalent
peaks planes set WRT 3-axes along C.
hep-010->150,150
a=2.7523 A, > K
s CusSn Cmem 103102 24~25 Stable hep 43453 A 010

hep-001-001

Table 1.3 - Crystal structure and relations of Cu-Sn phases appearing in the phase diagram (with one additional o'(hcp) phase came from Cu-Sn
electrodeposition papers).
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The trend of phase stability in electrodeposited Cu-Sn alloy with respect to
their elemental compositions has been discussed in several works [3,4,10,60—
62]: in 2005, Cavallotti et al. summarized the phase diagram of
electrodeposited Cu-Sn, as follows: a[100,89]%¢cu. — o'[88,82] Yocuw — B
[82,75]%cua — 7', and possibly {[80,75]%cu.q [61-63]. Using a rotating disk
electrode at brass or Cu substrate, Juskénas et al. (2000) [60] and Survila et al.
(2010) [3] observed the trend of phase formation from sulphate Cu-Sn
deposition bath with «'[95,84]%cua — B[86,84]%0cua — 6 [84,82]%0cuq — Sn.
Beattie and Dahn (2013) [62] used pulsed deposition from a pyrophosphate
bath in a Hull cell with Ni substrate and observed the following trend for
elemental and phase composition: 8[80,65] Yocua — 7' [67,50]%cuu —
Sn[62,50]%cuq. Barbano et al. [4] and Bengoa et al. [10] suggested that the €
phase may also contribute to the hcp diffraction peaks in the XRD profile,
with the film composition around 80%cua and 85%cua, respectively.
However, the superlattice peaks of ¢ at low angles were not observed in their

papers, perhaps due to low crystallinity of the hcp-derived phase.
1.2.2.3 XRD and SEM-EDS characterization of Cu-Sn alloys

The films were grown either under 5 different deposition potentials, denoted
as “P” for potentiostatic deposition, varying in the range [-0.65, -0.25] V az/aq0,
or under current control with the same current as the steady-state current in
the potentiostatic deposition, denoted as “G” for galvanostatic deposition.
The film elemental composition was investigated using SEM-EDS, and the

phase composition was characterized by XRD.
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Figure 1.10 - (a) MC simulation (Casino v2.48, 50,000 electrons, 20keV) of the emission
intensity of characteristic X-rays for Cu, Sn, Au, and Ni at different depths of the film; (b)
radial distribution of the CuK and Snl.3 characteristic X-ray intensity; (c) calculated X-ray

penetration depth (>1% incident beam intensity) along the normal of the sample for the

Bragg-Brentano 0-20 diffraction geometry with incident X-ray energy (9 keV) slightly higher
than Cu Ke, based on mass attenuation coefficients from NIST tables [64].
In order to limit peak overlapping at low energy, an acceleration voltage of 20
keV was chosen. To understand where the SEM-EDS signals came from, the
intensity of the characteristic X-ray from CugsSnos was simulated using
CASINO v2.48, revealing that 20 keV electrons could sample an EDS depth
of ~250 nm and sampling radius ~50 nm for both Cu and Sn, as presented in
Figure 1.10.a,b and Figure 1.1. To evaluate the influence of the brass substrate,
the X-ray sampling depth with Bragg-Brentano 0-20 optics was calculated
(Figure 1.10.c). Based on Lambert-Beer’s law with the X-ray mass attenuation
coefficients for Cu, Ni and Sn from the NIST tables [64], the signal probed

the entire Cu-Sn deposit and part of the Ni substrate, and in some cases the

brass substrate.
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Figure 1.11 - XRD profiles profile for the films S6C-G, S6C-P, S4C-G, S4C-P, S4B-G and

S4B-P.
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Figure 1.12 - XRD profile for the films S4A-P, S4A-G, S4D-P, and S4D-G.
The XRD profiles of the Cu-Sn films are shown in Figure 1.11 and Figure
1.12. The e-CusSn phase was not present in any of the samples. As discussed
above, because of their similarity in the crystal structure, the characteristic
peaks of different Cu-Sn phases were difficult to distinguish (B, v, 8), except
for the phases with superlattice diffraction of the (3 1 1) plane for 1 (CusSns)
or (0 1 1) plane for n(CueSns) at 20 = 30°, the structures of which are shown
in Figure 1.13. Considering the possibility of preferred orientation formation

for the intermetallic phases, and the large tolerance for their composition
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variance [065,60], the phase constitution analysis was not definitive.
Considering the EDS analysis, the phase composition of each film was
proposed and summarized in Table 1.4. From the XRD results (Figure 1.12)
within the samples S4D-P and S4D-G, which were deposited below the
reduction peak at -0.60 Vag/agc, limited B-Sn phase was observed, suggesting
that the nucleation of 3-Sn phase was inhibited by the competition for Sn by

the 7 the and & phases [67].

(a) Colored cubes: bee cells with pure Cu at the center ( b) Colored cubes: bee cells with pure Cu at the center
/¥ Cu /* Cu
1 /*- Sn

Figure 1.13 - Crystal structures of (a) n ICSD-52682) and (b) n' (ICSD-106530) phases.
Note that the bee-units with a Cu atom at the center are portraited as solid cubes. Different
colors indicate different layers of bee-001 planes, while additional bec sites of the low
temperature 1’ phase at each layer is colored specifically in yellow. The vacancies at the body
centres break the original symmetry and give rise to bec-001 diffraction [67]. Considering
the large percentage volume difference of Cu and Sn, Qg = +83.4% [68], vacancies might
be generated by the compressive stress on Cu and a large variation of the size of bcc units
may occur due to ordering originated by dissolved Sn in the 8 matrix.
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Sample Potential Plan—vi'e.w Line-scan Ste'a fly_ Phases composition
composition | state composition
S4A-P -0.25 Vag/agcl 100%cy,at a
S4A-G | ~-0.25 Vpg/agal 100%cyat a
S4B-P -0.40 Vag/agcl 86%cy,at 79%cuy,at a+p+4
S4B-G | ~-0.40 Vag/agci 80%cy,at 78%cuy,at a+d
S4C-P -0.55 Vag/agcl 72%cy,at 65%cy,at n'+4
S4C-G | ~-0.55 Vag/agal 67%cuat 58%¢y,at n'+é
S4D-P -0.65 Vag/agcl 65%cu,at n'
84D-G | ~ -0.65 Vag/agcl 68%cu,at n'
S6C-P -0.55 Vag/agcl 58%cu,at Sn+n'
S6C-G | ~-0.55 Vag/agal 55%cy,at Ssn+n'

Table 1.4 - Elemental composition and phase composition of the deposits.

Analysis of the deposits listed in Table 1.4 showed that the deposition
condition (S4B-P and S4B-G), bath constitution (S6C-P and S4C-P), and

applied potential (S4B-P, S4C-P) could drastically influence the phase

constitution and composition of the film. All films were compositionally

uniform under x20k plane-view observation except for deposition from bath

S6, which showed a compositional variance as large as 10%., (Figure 1.14).
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Figure 1.14 - Composition-potential diagram for all the deposited Cu-Sn films.
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Figure 1.15 - (a) the coordination structure of the cantellated tetrahedrons in 8 phase (or
cuboctahedron with only Td symmetry); (b) structure of individual cantellated tetrahedrons,
with compositions of its four types in Cu41Sn11(ICSD-439) and the simulated fully
disordered phase with higher (I-43m) symmetry; and (c) comparison of the XRD profiles
between S4B-G, Cu41Sn11 (ICSD-439), simulated fully disordered ICSD-439 structure, and
simulated fully disordered I-43m phase.

When comparing the XRD profile of sample S4B-G with the phase Cu4:Sny
(ICSD-439), several superlattice peaks at a low angle, especially (333) at 26 =
26°, were absent or weak. As shown in Figure 1.15.a,b, the crystal structure of
Cu4iSny; is the 2x2 “bec” stacking of 4 types of cantellated tetrahedrons. By
setting the occupancy of all sites to the same type of atom in CrystalDiffract,
and neglecting the atomic displacement, the simulated XRD pattern of fully
disordered CusSny; is shown in Figure 1.15.c. It was noted that the fully
disordered CuySny; structure does not show the strong superlattice peak of
(333) compared with the original structure. To further determine if the
superlattice peak (444) derives from the “bec” stacking of CusSnii, was used

the atomic position of a single type of the cantellated tetrahedrons and
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increased the symmetry to 1-43m based on the site symmetry of individual
polyhedrons, the crystallography data of which are listed in Figure 1.15.b. It
could also be seen that for simulated 1-43m stacking, several superlattice peaks
around 20 = 29° were fainter, suggesting that these planar periodicities
referred to CusyiSni; were generated by the size difference between different

polyhedron type [68].
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Figure 1.16 - SEM images (top: x5k, bottom: x40k) of (a,g) S4B-P, (b,h) S4B-G, (c,i) S4C-P, (dj) S4C-G, (e,k) S6C-P, and (£]}) S6C-G.
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Figure 1.16 presents the morphology of Cu-Sn films. Deposit S4B-P consisted
of highly faceted and apparently large grains with a size about 200 - 300 nm.
Considering the XRD data, these large grains should be f(bcc) phase. Faceting
of bce sub-pm particles (e.g. Nb [69] and Fe [70-72]) exhibit the shape of
rhombic dodecahedra [73,74], as exemplified by the f(bcc) phase in S4B-P
(Figure 1.16.a,9): the orientation of these pyramids should be (011). A smaller
fraction of (001) planes may indicate the slower relative growth rate of (011)
planes compared with (001) planes for f(bcc) phase. Sample S4B-G in Figure
1.16.b,h, presented quite different features from the potentiostatic
counterpart, both in terms of phase constitution and morphology, despite a
very close composition. S4B-G mainly consisted of large clusters of size about
500 nm, with each cluster consisting of grains about 10-20 nm. Very few
reports discuss that electrodeposition mode (Potentiostatic or Galvanostatic)
could influence the phase composition of the films [75-78]. It is uncertain so
far whether differences in the phase constitution are dominated by the
nucleation behaviour or by the elemental composition, due to the fluctuation
of potential caused by the feedback loop necessary to control the
Galvanostatic deposition mode.

The morphology of Cu-Sn alloys deposited at higher overpotential (S4C-P,
Figure 1.16.c,i) or higher current (S4C-G, Figure 1.16.d,j) however behave
similarly. Both sets showed a rough surface consisting of abnormally large
grains with size ~ 1-2 um on top of the film, and small grains with a diameter
of less than 1um at the bottom. Each grain showed a cauliflower shape,
probably originated by agglomeration and growth of individual nuclei at high
overpotential [4,79-82]. In contrast, potentiostatically deposited film S4C-P
exhibited abnormally large grains at the top of the film compared with its

counterpart S4C-G, implying some difference between Galvanostatic and
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Potentiostatic electrodeposition, despite both modes were designed to have

the same steady-state deposition current [83].
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Figure 1.17 - SEM-EDS line-scan of the cross-sections of the sample (a) S4B-P, (b) S4B-G, (c)S4C-P, (d) S4C-G, (¢) S6C-P and (f) S6C-G. Raw
data was smoothed using Fourier filter in OriginPro 2018 with a low-pass cutoff frequency corresponding to the wavelength ~90 nm [83].
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Deposits from bath #6 showed small differences between Potentiostatically
(S6C-P, Figure 1.16.e,k) and Galvanostatically (S6C-P, Figure 1.16.f]])
deposited films at the same steady-state current as they exhibited similar
morphology. Both samples contained ribbon-like grains and spherical grains,
which are likely to be -Sn [84] and Cu-rich phases, respectively. However, the
SEM-EDS data revealed that the correlation between these structures with
the elemental distribution is not clear-cut, probably caused by the large
sampling volume (depth ~300 nm) of the EDS measurement with an
acceleration voltage of 20 keV.

In order to determine the compositional distribution along with the thickness
of the film, the sample was cut, ground and polished along its cross-section
surface. The thickness of the deposit from bath #4 was around 1 — 1.5 pum,
while the thickness of deposits from bath # 6 was around 3 um. SEM-EDS
line-scans of the films were performed with an acceleration voltage of 20 KeV,
as shown in Figure 1.17. Using the signal from the Au layer as the reference,
the Au peak in the line scan was broadened and slightly shifted, which was
attributed to the spatial resolution of the e-beam interaction volume (Figure
1.1) and the drift of the sample. For samples S4C and S6C, the initial growth
stage terminated within the first 0.5 pm, and proved to be Cu-rich, suggesting
a significant difference between the charge-transfer kinetics for Cu(ll) vs.
Sn(II). The steady-state composition through the top 0.5 um of the films is
listed in Table 1.4, except for samples from S6C, due to its significant
inhomogeneity. The samples S4C and S6C were rich in Cu compared with the
steady-state compositions, probably caused by the SEM-EDS sampling of the
initial Cu-rich stage (Figure 1.19.a). Considering this effect, a film composition

close to Cu:Sn=2:1 was achieved at the steady-state in samples S4C-P and
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S4C-G. For S$4D samples, despite that the composition was close to 2:1, the
films were rough even under visual inspection and thus was not considered to
be good films.

However, when more Sn(II) was added to the bath, at the same deposition
potential, significant compositional inhomogeneity could be observed in both
plan-view SEM-EDS mapping (Figure 1.18) and line-scan perpendicular to
(Figure 1.17.d,e) or along the films (Figure 1.19) for the S6C-P and S6C-G
samples. Along the film, large variations of the composition could be
observed, with the scale from 200-700 nm at the top of the film, to 1.5pum at
the bottom of the film with small fluctuations around 200 nm. The average
composition was about 50%cy, . at the top of both films, with a composition
fluctuation of about 10-20%. An initial Cu-rich region could be observed for

both samples at the bottom of the films.

EDS Layered Image &

Figure 1.18 - Segregation of Sn and Cu in sample (a) S6C-P and (b) S6C-G by SEM-EDS
mapping.
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Figure 1.19 - Inhomogeneity of samples (a) S6C-P and (b) S6C-G.

1.2.3 Discussion

As seen in Figure 1.17, due to the high Cu overpotential and transient Cu
concentration at the surface, a Cu-rich layer initially grew quickly, until
reaching a film thickness of around 0.5 um under the deposition conditions
of samples S4C and S6C. This compositional gradient was generated by the
depletion of the surface metal ions, after which a steady-state would be
reached, resulting in a relatively steady film composition along the film. The
initial layer thickness is unavoidable when conventional electrodeposition is
used; however, this could be minimized by using a low concentration bath or

using for instance pulse electrodeposition.
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Sn deposition started to occur at -0.40 Vagaga based on the CV scans. In
presence of Cu ions, however, ~ 20% of Sn in the samples S4B grew via
underpotential condition due to the enthalpic contribution of the Cu-Sn
intermetallic phases compared with 3-Sn and fcc-Cu reference phases. From
CALPHAD data in Figure 1.15.b, formation of metastable disordered bcc or
bce-derived phases instead of hep-derived phase ¢(CusSn) could be possibly
caused by the favoured energetics or nucleation kinetics of precursor
disordered bec phase vs. disordered fcc or hep phases.

At high overpotential, the film composition was close to the metal ion ratio
in solution; this suggested that during 4 min of deposition from the bath #4
the system was able to reach the limiting current deposition composition, with
a mass-transfer coefficient ratio close to 1.

A large composition fluctuation was observed in the S6C depositions,
supporting the XRD results that these films consisted of two-phase mixture
of Sn-rich and Cu-rich phases; this is reasonable, considering the high Sn
content in the deposition bath and the large Sn overpotential, enabling Sn to

nucleate, grow independently, and competing with the Cu-rich phases 7’ or 7.

1.2.4 Final remarks and outlooks

In conclusion, it was demonstrated that it is possible to produce a cyanide-
free electrodeposition bath for white bronze alloys, based on alternative
organic additives and an eco-friendly electrolyte.

It was found that Nitrilotriacetic Acid, a commonly water-insoluble
component, is solubilized in presence of Hydroquinone, and it was found that
despite the low value of the solution pH, the complexing agents were able to

bond metal ions showing a suppressing behaviour for copper. In addition, two
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stable deposition solutions were identified with Cu:Sn molar ratio in solution
respectively of 1:1 and 1:2.

Using the solution with a Cu:Sn molar ratio of 1:1 and a deposition potential
of -0.55 V, EDS and XRD data confirmed the formation of a n’ single-phase
bronze with a Cu:Sn composition = 2:1. Moreover, the SEM cross-section
analyses showed a relatively uniform composition of this film. The elemental
composition and the crystal structure of the films with deposition condition
of S4B made this electrodeposition approach a promising candidate for the
synthesis of kesterite compounds.

From the industrial research and development point of view the next step in
the study of the formulations developed during this part of the work will be
the scale-up of the electrodeposition process in pilot plant, in order to study
the aging of the bath more in deeply and to analyse the loss of formulation
components during a real working cycle (e.g., consumption during
electrodeposition + drag-out).

Future developments and implementations will regard the addition zinc
precursor to study the deposition of the ternary alloy Cu-Zn-Sn. Moreover,
the development of a sulfurization process by thermal annealing is the

mandatory path to synthetize kesterite films.
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2 New aspects of copper plating

2.1 Introduction

Copper is an excellent undercoat for subsequent deposits, since it has good
capability to compensate substrate defects that could accelerate corrosion and
its deposition can be chemically tailored to obtain levelled, high thickness
bright films [85]. Of the plating systems that have been studied, only relatively
few have revealed a stage of commercial importance for electrodeposition of
coppet, other types of solutions have been too unstable or lacking in good
deposit characteristics over sufficiently wide current density ranges. In first
instance, a simple classification can be made based upon the complexing
system used: alkaline (cyanide-based and pyrophosphate) and acid (sulfate and
fluoroborate) baths.

Alkaline copper solutions have higher microthrowing power (microthrowing
power is the ability of a bath to plate into small surface scratches, thereby
filling them up with the deposit) compared to acid copper solutions. A
solution with good microthrowing power is able to level out surface
imperfections and provide a smoother surface)

This type of copper baths has generally lower efficiency than acid solutions
because of a low metal concentration and high amount of cyanide in solution
(except for high-efficiency alkaline copper baths, used preferentially in the
automotive sector, where copper concentration in solution is comparable with
that of acid copper baths). These chemical characteristics avoid the formation
of a non-adhering immersion layer of copper at the beginning of the plating

process, and they guarantee excellent covering.
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The principal disadvantage of alkaline copper baths is represented by cyanide
handling during the electroplating procedures and the waste treatment of the
exhausted bath which has environmental and workers” health concerns.
Most common acid copper baths formulations contain sulfate or fluoroborate
salts as copper precursors, organic additives and sulfuric or fluoroboric acid
depending on the copper salt. They cannot be plated directly onto active
metals, such as zinc or steel, as they will produce non-adhering immersion
deposits. Additives and basic ingredients of acidic copper plating fall into one
of the following categories.

Copper salts provides the source of copper ions. The acid electrolyte gives
conductivity and induces soluble anode corrosion. Chloride is synergistic with
organic additives in the brightening and leveling. The brightener, or
accelerator, typically contains low molecular weight sulphur and a second
atom of high polarity and/or ionic character. Its function is to refine the grain
structure in normal copper electrodeposition. Typical brighteners include
thiourea, disulfides, thiocarbamates, and thiocarboxylic acid amides.
Inhibitors convert an unevenly distributed stationary cathode diffusion layer
into a more evenly distributed layer and reduce the variation in copper deposit
thickness across the surface. Examples include high-molecular-weight
polyether compounds, surfactants, and polyoxyalkylene glycols. The polar
leveler slows down the charge transfer of copper ions to copper metal, thus
slowing the plating rate in those areas considered high current density.

Acid copper baths are not expensive compared with alkaline baths. The
disadvantage of these baths is their low microthrowing power which makes
necessary an inner alkaline copper film and the addition of specific brightening
agents to the baths. Their use over alkaline copper films is due to their high
efficiency and macrothrowing power (macrothrowing power is the ratio of

deposit distribution in relation to the distance from anode to cathode; an
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electrolyte with 100% throwing power will deposit a uniform thickness
regardless of anode to cathode spacing).

This part of the work is focused on the chronoamperometric study of an
innovative methanesulfonic acid-based copper bath, ready to be upgraded in
the eco-compatible white bronze deposition bath I developed [9]. Indeed, a
coating of bronze commonly followed the copper deposition in nickel-free
processes, increasing the corrosion resistance of the final product [21].
Chronoamperometric studies allow to obtain information about the
mechanism of nucleation and growth of an electrodeposited film. The
nucleation is a crucial step during the formation of a metal film and its
mechanism plays a key role in the formation of the metal surface morphology
and structure [86,87]. Controlling the nucleation and growth mechanism it is
possible to obtain a fine control on the morphology of the final deposit
otherwise obtainable only with atomic layer deposition techniques [88], which
are much more complex to scale up and to manage at industrial level. The
Scharifker-Hills model is the electro-crystallization model applied in this work
to detect the type of nucleation mechanism. Indeed, in this part of the PA.D.
thesis I posed my attention on the attempt to find a correlation between the
results obtained from the Sharifker-Hills model and the progressive addition
of an organic additive in an alternative copper electrodeposition bath. The
correlation between kinetic results and copper film morphology I tried to
identify, could allow to analyze the effect of electroplating organic additives
prior the trial-and-error study commonly applied during the development of
new plating formulations. In this way, I managed to tailor the concentration
of the addictive I selected to control copper growth in view of an upgrade of

the bronze coatings I obtained.
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2.1.1 The Scharifker-Hills model

Chronoamperometric studies allow to obtain information about the
mechanism of nucleation and growth of an electrodeposited film. When the
formation of metal nuclei takes place during an electrodeposition, three
different morphologies (one-dimensional, two-dimensional (2-D), and 3-D as
in the case of hemispherical growth) can characterize the formation process
of the new surface. From the rate-determining step point of view, two
different regimes can be established. A kinetic-controlled regime, where the
rate-determining step is the reduction reaction of metal ions in the growth
point. A diffusion-controlled regime, where the rate-determining step is the
mass transfer of the metal ions through the deposition solution toward the
cathode surface. Several models have been developed for describing the
nucleation and growth of metal during electrodeposition at constant potential.
In the present study the Sharifker-Hills model (S.H.) had been used [89-91].
This model has been developed to study the case of an electro-crystallization
reaction with a 3-D nucleation mechanism and a diffusion-controlled growth.
In these conditions the nucleation is a crucial step during the formation of a
metal film and its mechanism play a key role in the formation of the metal
surface morphology [86]. The values of current vs time are fitted to a
nucleation and growth model which allows obtaining many parameters and
information such as type of nucleation (instantaneous or progressive), ions
diffusion coefficients, nucleation rate and density of metal nuclei at the
electrode surface [92,93].

The initial stages of an electrodeposition process are associated with a three-
dimensional multiple nucleation mechanism. Subsequently takes place the
growth and coalescence of the nuclei formed on the electrode surface. The

growth current of a single hemispherical nucleus depends on the diffusion
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coefficient, on the concentration of bulk, on the molar charge of the species
being deposited and on the molecular weight and density of the deposit [93].
However, in real cases becomes mandatory to consider the interaction, during
nucleation and growth, between multiple nuclei that form simultaneously [94].
For a system in which the nucleus growth-phase is determined by diffusion
processes (favored by low concentrations and high over-voltages) the
overlapping of the diffusion areas around each individual nucleus is described
by the Cottrell equation. Ion’s diffusion, according to Cottrell, occurs
substantially only in a direction perpendicular to the electrode surface (semi-
infinite linear diffusion) and the equation applies to stationary flat electrodes
and for stationary solutions. Within this picture, the electroplating of a metal
is a complex process characterized by several stages: the transport of solvated
species from the bulk to the electrode surface, their reduction near the
interface between the cathode and the electrolytic solution and finally the
formation of nuclei. The growth of the nuclei occurs on the surface of the
substrate extending perpendicularly to it and laterally, along the surface,
forming three-dimensional deposits [95]. This process is not part of the 2-
dimensional process (valid for nucleation in the absence of interactions),
which can be treated through Avrami's theorem. According to such approach,
each nucleus is in the center of a cylindrical diffusion area. The diffusion
cylinder can be projected onto the cathodic surface and takes the name of
"planar diffusion zone". The radius of this area is greater than the radius of
the nucleus. A planar surface of enough area is thus obtained to achieve the
same flow of matter that would be transferred to the accretion center by
means of three-dimensional spherical diffusion. Assuming a linear flow, the
overlap of the diffusion zones of single adjacent nuclei is reduced to a two-
dimensional problem, to which the Avrami’s theorem can be applied. As the

size of the diffusion areas increases, an overlap condition is reached. At the

53



same time, the supply of material to the growth center is hindered in the
directions adjacent to the nucleus. The direction perpendicular to the surface
of the substrate becomes the preferential one for mass transfer, thus creating
the previously mentioned diffusion cylinder. According to Avrami's theorem,

on a real surface the nucleation rate is given by the equation:

dN/dt:A(No-N) (2.1)

where Ny is the number of active sites per unit area on the cathode surface
and A the nucleation rate. The integrated equation, considering N = 0 at time
t = 0, gives rise to the expression that allows to calculate the density of nuclei

as a function of time:
N(t)=No[1-exp(-At)] (2.2)

Based on the considerations made so far, two borderline cases can be obtained
[96]:

e instantaneous nucleation, characterized by high nucleation rate (A»1)
and low numerical density of active sites on the electrode surface;
under these conditions the ratio No/A—0 and the equation become
N(t)=N ¢; the maximum nuclei density is reached immediately after
the application of the potential and does not undergo subsequent
changes.

e progressive nucleation, which occurs with very low nucleation rates
(A«l) and in the presence of many active sites available; in this case
the ratio No/ A—and the equation becomes N(t)=Ny-At; nuclei are
formed at constant speed because under stationary conditions dN/dt
= const. and consequently the density of nuclei increases linearly with

time.
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In both borderline cases the trend of the current has a maximum and then
decays asymptotically by approximating the Cottrell limit current. Knowing
the experimental values of current density and time from
chronoamperometric measurements a theoretical curve for the two borderline
cases can be obtained, using the two fitting equations below.

Progressive nucleation equation:

J? 12254 N’
T 1—exp [—2.3367 (t—> ] (2.3)

m
tm

Instantaneous nucleation equation:
2

i 1'9542 {1—exp|-1.2564 (é)]} 2.4)

2
T T

A method to determine the type of nucleation is the comparison of the
dimensionless theoretical curves obtained from equations (2.3) and (2.4) with

the experimental values obtained, shown in a plot such as:
J/ () vs t/te 2.5)

where with Jn we mean the maximum current density recorded at the
minimum time, and with t., the time at which the maximum current density is
recorded. Equations (2.3) and (2.4) are the only ones where is indifferent the
use of current density value or current value because (J/Jm)* and (I/1.)* only
differs of a constant value (electrode area).

Different kinetic data of nucleation mechanism can be obtained applying the
appropriate equation, according with the S.H. model.

For the instantaneous nucleation bordetline case can be calculated D, the ions
diffusion coefficient (cm?®/s) in solution and N, the metal nuclei surface

density (cm™).
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1.2564
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For the progressive nucleation borderline case can be calculated D, the ions
diffusion coefficient (cm®/s) in solution, AN, the nucleation rate (cm™s™)

and N, the nuclei density at the surface saturation (cm™).

8mcM
K' =4/3( 5 )1/2 (2.9)
2
p—_ Jmtm (2.10)
0.2598(zFc)?
4.6733
1/2
N = (ANOO) 2.12)
$  \2K'D

Where F is the Faraday constant, z is the number electrons exchanged during
copper reduction, o is the density of copper, c is the metal ions concentration
in solution, k and K’ are calculation constants.

Must be noted that to obtain kinetics data from the equations above the metal
precursor concentration must be converted in moles on cm’ as can be deduct
from dimensional analysis.

The application of S.H. model to analyze chronoamperometric data is

subordinated to the confirmation of the type of electro-crystallization process
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(3-D nucleation with diffusion-controlled growth for S.H.) which can be
verified by means of voltametric experiments as already reported in literature
[97-99].

The limit of the S.H. model lies in the need to treat the two borderline cases
separately and therefore in the inability to derive the descriptive parameters

of the reaction in the intermediate cases.
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2.2 Effect of thiourea on the nucleation and
growth of copper: kinetic data vs film
morphology

In this section will be presented the study of an alternative method to state
the effect of the addition of an organic additive in an electrodeposition bath.
The concept behind this work regards the possibility to understand if an
organic additive could have a relevant effect on the morphology of an
electrodeposited film (e.g., brightener, leveler, suppressor, etc.) exploiting an
“a priori” kinetic study instead of only morphological analysis on the metal

coating.
2.2.1 Experimental

The bath studied contained methanesulfonic acid as the electrolyte (4.62 M,
MSA), copper(II)-methanesulfonate as copper precursor (0.17 M, abbreviated
Cu(Il)MSA), nitrilotriacetic acid as copper ions complexing agent (0.1 M,
NTA), hydroquinone as NTA dissolving agent (0.09 M, Hyd) and thiourea as
the organic additive under study (30-60-90 ppm, TU). Hydroquinone was used
as nitrilotriacetic acid (NTA) dissolving agent as already reported in the
previous  chapter, because the dissolution of NTA in the
water/methanesulfonic acid (MSA) system gave an unstable solution due to
its poor solubility. Electrochemical measurements and depositions were
carried out with a Metrohm (Herisau, Switzerland) Autolab mod. pAutolab
type III potentiostat/galvanostat computer-controlled by Nova® 2.1.4
software (Metrohm) using Ag|AgCl (0.197 V vs SHE at 25 °C and KCl
saturated) electrode as reference (reference electrode for each potential

reported in this chapter, unless different stated). All the potentials recorded in
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this study were related to this reference electrode. The working electrode was
rotating disk (RDE-2) glassy carbon electrode (Metrohm) with a surface area
of 0.31 cm’, RDE-2 by Metrohm. Glassy carbon electrode was cleaned by an
electrochemical treatment based on the following steps [100]:

- OCP measurement;

- application of a potential of +1.2 V vs Ag/AgCl/KCl,, for 120 sec.;

- rotation at 2000 rpm;

- during electrode rotation, application of 3 voltammetric cycles in the range
[-1/+1.4] V vs Ag/AgCl/KCl, at 50 mV/sec.

After each electrochemical cleaning the electrode surface was treated with a
polishing cloth and alumina water dispersion (0.3 um diameter particles). The
surface cleaning were confirmed by the voltammetric measurement of the
reversible couple [Fe(II)(CN)¢*/[Fe(II)(CN)s]>*. Each electrochemical
measurement and deposition were carried out in a thermostated cell with a set
temperature of 25 °C.

The morphology of the electrodeposited films was characterized by scanning
electron microscopy (SEM), SEM images were recorded with Hitachi (Tokio,
Japan) SU3800 Scanning Electron Microscope using an acceleration voltage
of 10 KeV.

Electrodeposition was carried out onto glassy carbon buttons with diameter
of 1.5 cm after a previous cleaning procedure. The buttons were cleaned by
immersion in aqua regia for 30 seconds and then rinsed with distilled water to
ensure the absence of metal residues. Subsequently the GC surface was
polished with polycrystalline diamond dispersion (3 um) followed by distilled
water rinsing, acetone rinsing and drying under air flow. The electrical contact
for the deposition was made using copper tape, applied in the rear part of the

GC button.
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X-ray fluorescence spectroscopy of deposited copper on glassy carbon was
carried out using a Bowman XRF (Schaumburg, Illinois, USA), previously

calibrated with Bowman certified copper standard on bulk carbon [101].

2.2.2 Results
2.2.2.1 Voltammetric studies

According to the literature TU is a well-known organic brightener used in
traditional copper electrodeposition baths, modifying the kinetics of copper
electrodeposition mechanism. In this case thiourea was added in a copper
solution which already contained a complexing agent, necessary to tailor
copper electrodeposition potential in the case of an upgrade of the bath into
a bronze electrodeposition one. From the standpoint of the mechanism with
which thiourea modify the copper film formation in the innovative bath
developed during this work, cyclic voltammetry was selected as the election
technique to clarify the electrochemical behavior of copper ions in the absence
and presence of thiourea. CV was also useful to select the cathodic potentials
applied during chronoamperometric measurements. The voltage range used
in cyclic voltammetry measurements ([-0.8/+0.5] V) was based on the partial
reversibility behavior of the hydroquinone/benzoquinone couple which
would bring a degradation of hydroquinone at scanning potentials over +0.5
V. The oxidation could be easily explained by the simple redox reaction as

follows:
2C¢H,OH, - 2C,H,0, + 4H' + 4e~ E° = +0.699 V vs SHE

Moreover, the glassy carbon surface of the electrode would be damaged if the
scanning range would overcome +1.5 V in acidic solutions (in this work

pH~1) [100,102].
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Figure 2.1 - CVs of Cu(I[)MSA 0.17 M in MSA 4.6 M aqueous solution. GC-WE,
Ag/AgCl/KClg,-RE, Pt-CE, 50 mV-s'! the scan rate. a) addition of Hyd 0.1 M and NTA 0.1
M to the coppet solution (as indicated in the plot); b) addition of 30/60/90 ppm of TU to
the previous solution (as indicated in the plot).
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As already reported in paragraph 1.2.2.1. NTA is a Copper chelating agent,
which at acidic pH values forms univalent complexes with Cu’ ions
[48,49,103] as proposed by Muralidharan et al.

As can be seen in Fig. 2.1.a, cyclic voltammetry tracks, show the redox
behavior of Cu(Il) ions in presence of MSA, Hyd and NTA. While Hyd didn’t
alter appreciably either the redox potentials of the Cu®*/Cu’ couple ot the CV
signals area, N'TA shifted the copper reduction to -0.14 V, slightly reduced the
cathodic signal area (reduction MSA-Cu=-2.387-10"* C, reduction MSA-Cu-
Hyd-NTA=-2.20810* C) and increased the anodic signal area (oxidation
MSA-Cu=4.736-10" C, oxidation MSA-Cu-hyd-NTA=7.150-10" C). It was
hypothesized the latter effect caused by a partial anodic degradation of NTA
as already reported by Wu et al. on a boron-doped diamond anode [104].
After the voltammetric study of the copper electrodeposition solution,
increasing concentration of thiourea was added. In this work was tested the
effect of 30 ppm (3,94:10* M), 60 ppm (7,88-:10* M) and 90 ppm (12:10* M)
of thiourea.

Analyzing the red voltammogram in Fig. 2.1.b, referred to 3.94:10* M thiourea
in solution, was observed that the copper reduction and oxidation peak
potentials remained approximately unchanged in presence of the lowest
additive concentration, compared to the dark grey track (absence of TU).
The further additions of thiourea determined some variations in the cyclic
voltammetry of the formulation. In the voltammogram relative to the
presence of 60 ppm (7.88:10* M and 90 ppm (12-10* M) of TU the cathodic
signal of copper was shifted to -0.16 V and there is a progressive reduction of
the signal area in both the reduction (reduction TU 60 ppm=-2.107-10" C,
reduction TU 90 ppm=-2.018-10"* C) and the oxidation peaks (oxidation TU
60 ppm=5.232-10"* C, oxidation TU 90 ppm=4.653-10" C). In this case, this
feature was tentatively attributed to the capability of thiourea and its
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byproducts to adsorb both on the bare glassy carbon surface and on the
copper-covered electrode surface. As already proposed by Cofré and Bustos
thiourea tends to adsorb on GC with an electrode coverage proportional to
its amount in solution [105] reducing the electrochemically active area.
Moreover, Cu-S affinity [106,107] determines the formation of a polymer-like
insoluble film from adsorbed TU-species during the nucleation and growth of
the copper film [108,109]. This complex film hinders the electrodeposition
and the electro-dissolution of copper and, at sufficiently positive potentials,
can be electro-oxidized to produce FDS, §” and CN-containing species [110]
which eventually change the nature of products blocking the copper surface
and change the kinetics of the global anodic reaction. The slowing of the
copper anodic dissolution kinetics was attributed as the main cause of the
reduction of anodic peaks area at the increasing amount of TU in solution.
The interaction of thiourea with copper ions in solution to form various
complexes, as reported in literature [111,112] was hindered by two factors: the
presence of NTA as copper ligand and the high Cu:TU molar ratio (which is
respectively 431, 215 and 142 for 30, 60 and 90 ppm TU).

2.2.2.2 Chronoamperometric studies

A chronoamperometric study was carried out at three different deposition
potentials for copper, based on the voltammetric measurements (see above).
The electro-crystallization of copper from acidic solutions on glassy carbon
electrodes evolves through a 3-D nucleation with diffusion-controlled growth
[113-115], this type of mechanism allowed to apply the S.H. model to the
chronoamperometric data recorded, as reported in Fig. 2.2. In this way was
attempted to characterize the nucleation and growth behavior of copper in an

alternative deposition bath with selected amounts of thiourea [116] on glassy
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carbon electrodes. The current values registered by chrono-amperometry was
transformed into current density after the measurements. This type of study
was already reported in literature using very different deposition conditions

and substrates [117,118] from those tested in this case.
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Figure 2.2 - Kinetic analysis. Relevant S.H. plots of one-step current transients recorded at vatious TU concentration and various potentials (as
indicated in the plots a-b-c). In the current transient recording procedure, the initial potential (OCP) is maintained for 10 s, then the potential is
stepped at a final.
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E TU tm 1,103 | Jm10-3 T2t 105 D17 N1
Epm) | ) | A) | (A/em?) | (A%/cmd) (°“)’2/ | (em?)

0 0.180 | -2.130 -6.871 0.850 0.485 26.3

30 | 0445 | -1.993 | -6.429 1839 | 1.05 | 492

DR W T 1958 | 112 | 3.58
90 1.105 | -1.390 -4.484 2.222 1.27 1.64

0 0.095 | -2.800 -9.032 0.775 0.442 54.7

30 | 0255 | 2.633 | -8494 | 1840 | 1.05 | 859

O T Tase T Iia 3483 | 199 | 279
90 1.021 | -1.766 -5.697 3.313 1.89 1.19

0 0.08 -4.98 -16.065 2.064 1.177 24.4

30 | 0.160 | 3439 | -11.094 | 1969 | 1.12 | 12.78

O om0 395 [ om0 | st | 2% | 358
90 | 0.370 | -3.305 | -10.661 | 4205 | 240 | 259

Table 2.1 - Kinetic data obtained from S.H. model for the nucleation of copper in presence
of different amounts of TU. First column shows the final potential value, in the one-step
experiment. Second column shows the amount of TU in the studied solution. Third, fourth
and fifth columns show the deposition time of the nucleation peak current, the value of the
peak current and the value of the peak current density respectively. The sixth column shows
intermediate mathematical operation values necessary to calculate the values of diffusion
coefficient of copper ions reported in the seventh column and the nuclei density values at
the first stages of nucleation reported in the eight column.

The measures reported in Figure 2.2, allowed to deduce that the nucleation of
copper approached the progressive mechanism with increasing concentration
of additive and with potentials increasing in absolute value, despite at the
concentrations studied, full progression of nucleation was never achieved.
Furthermore, the thesis of the inhibition of the copper instantaneous
nucleation due to thiourea was supported by the decrease of the nuclei surface

density (cm?), as can be observed from the data in Table 2.1, for each
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deposition potential set of measurements. The shift towards a progressive
nucleation produced a lower number of nuclei at the initial stage of the
deposition, compared to an instantaneous nucleation mechanism. The
hypothesis on the mechanism of thiourea in the condition studied in this work
was reinforced comparing information from cyclic voltammetry and
chronoamperometry. The Effect of glassy carbon surface inhibition by
thiourea observed at 60 and 90 ppm in the CV, could also be confirmed by
chronoamperometric data, in which was observed a hindering of the copper
nucleation at the first steps of electrodeposition. At the best of my knowledge,
I supposed that the same mechanism of physio-chemical adsorption of TU
and related polymer film on glassy carbon already observed during voltametric
analysis, caused the reduction of nuclei surface density (cm?) and the
approaching of the progressive nucleation mechanism at increasing TU

concentration.
2.2.2.3 Morphological characterization

The electrochemical solutions with 0, 30, 60 and 90 ppm of TU were used to
produce copper films using a potentiostatic deposition method with an
applied deposition potential of -0.20 V, a deposition time of 600 seconds, a
set temperature of 25 °C, in absence of stirring to emulate
chronoamperometric tests condition reported above. SEM images and
pictures reported in Figure 2.3 allowed to correlate the microstructure of the
deposit to the theoretical information obtained by the mathematical model
used to analyze chronoamperometric data. The results showed a refinement
of the crystallites size up to 60 ppm of thiourea added, while the presence of
90 ppm of TU caused the formation of a copper film with uncontrolled

morphology and grain size. As already observed from voltametric analysis the

67



presence of the highest amount of organic additive caused the random
formation of an organic film made of adsorbed TU-species both on the glassy
carbon surface and on the growing copper nuclei. I hypothesized that this film
hindered the formation of copper nuclei on the bare glassy carbon promoting
the formation of discontinuities in the copper film as can be observed in
Figures 2.3.j and 2.3.k. Moreover, the adsorption of TU-species on the
growing copper nuclei caused an undefined growth which cannot be predicted
prior the characterization of the film by Scanning Electron Microscopy. From
a macroscopic point of view Figures 2.3.c, 2.3.f, 2.3.i and 2.3.1 showed the
improvement of the aesthetic characteristics of the copper film with the
increasing amount of thiourea up to 60 ppm. Adding this concentration of
thiourea to the innovative copper bath used in this work the film obtained
resulted homogeneous and bright confirming the brightening action of TU
and its effect on the nucleation and growth of copper. The concentration of
90 ppm resulted not suitable for the obtainment of a high-quality copper film

from the formulation studied.
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Figure 2.3 - SEM characterization and sample photographs of different copper film
deposited onto GC substrates. Electrodeposition parameters: 600 s, -0.20 V, 25°C, no
stirring. From left to right of each row SEM micrographs at 2k and 7k enlargements and
sample photo. Images a), b) and ¢) from the copper bath without TU. Images d), ), f) from
the copper bath with 30 ppm TU. Images g), h), i) from the copper bath with 60 ppm TU.
Images j), k), I) from the copper bath with 90 ppm TU.

2.2.2.4 Film thickness characterization

The copper films obtained on GC were analysed using XRF spectroscopy to
obtain the metal film thickness. The measurements were done in three

different spots of each sample.
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Cu thickness Mean value
TU m St. dev.
[TU] (pprm) (um) (nm)

1.56
0 1.56 1.56 +0.03
1.601
1.34
30 1.40 1.40 +0.03
1.40
1.41
60 1.53 1.44 +0.05
1.44
1.02
90 0.96 0.97 +0.03
0.97

Table 2.2 - XRF analysis of copper films thickness obtained from the solutions with 0, 30,
60, 90 ppm TU on glassy carbon substrates by potentiostatic deposition.

The reduction of the thickness means value of the deposited samples
increasing TU concentration, reported in Table 2.2, confirmed the
suppressing behavior of thiourea on the copper growth which is the result of
its effect on the nucleation mechanism. Compared to the value obtained
without the addition of thiourea, the copper film thicknesses obtained adding
30 and 60 ppm were very similar, and similar were also the aspect of as
deposited copper surfaces. The further addition of TU to 90 ppm in solution,
caused a drastic reduction in thickness which could confirms the hypothesis
on the formation of an electrodeposition-hindering, TU-derived organic film
based on the morphological analysis of this sample and the voltammetric

analysis of the deposition solution.
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2.2.3 Discussion

Thiourea tends to react with copper ions in solution in two distinct ways based
on its concentration and on the composition the electrodeposition solution.
As seen in Fig. 2.1.b it was proposed that physio-chemical adsorption
behavior of thiourea both on the glassy carbon surface and on the growing
copper nuclei was the main effect observable from the CV analysis at the
increasing of its concentration in solution.

The fitting of chronoamperometric data obtained at -0.12, -0.15 and -0.20 V
as deposition potentials and 30, 60, and 90 ppm as TU concentration in
solution with S.H. model showed a partial evolution from instantaneous
nucleation to progressive nucleation as reported in Fig. 2.2. As reported in
Tab. 2.1, the decrease of copper nuclei density with the increasing amount of
TU was in accordance with the hypothesis: the addition of thiourea in the
copper electrodeposition solution studied in this work promoted a progressive
nucleation of copper.

The morphological analysis performed on copper film electrodeposited on
GC substrates reported in Fig. 2.3 testified a grain refinement of the coating
and an improvement of its aesthetic appearance increasing the thiourea
amount up to 60 ppm. Morphological analysis also highlighted the formation
of a copper film with an uncontrolled growth in presence of 90 ppm of TU,
reasonably due the adsorption of an excess of TU-species on the cathode
surface.

The increment of adsorbed TU-species at the increasing amount of dissolved
TU in solution was also confirmed by XRF data which reported a reduction
in copper thickness going from 0 to 90 ppm of TU dissolved. The
electrodeposition tests were made at constant potential and constant time, the

reduction in copper thickness due to the reduction in deposited charge were
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attributed to the hindering effect of thiourea on the electroactive surface of

the GC cathode.

2.2.4 Final remarks and outlooks

Comparing the data obtained from solutions featuring different thiourea
concentration it was found that this molecule acts as progressive nucleation
promoter, increasing the diffusion coefficient of metal ions and lowering the
number of nucleation sites on the electrode surface at the begin of the copper
nucleation by its predominant physio-chemical adsorption behavior in the
condition studied in this work. To verify the brightening agent role of
thiourea, copper films were deposited from formulations with different
amount of additive. Correlating the nucleation mechanism trend observed
from chronoamperometric data with microscopic and macroscopic images it
was proposed that the suppression effect of thiourea on the depositing copper
charge was the main factor which caused the progressive nucleation
mechanism and that this was a key element in the control of copper grain
dimensions and structure. Testing the proposed alternative formulation for
copper electrodeposition, I obtained that the concentration of 60 ppm of
thiourea resulted the best compromise in terms of transition from an
instantaneous to a progressive nucleation mechanism, morphological and
aesthetic characteristics of the copper surface and thickness of the film. Thus,
TU was proved to strongly influence the copper electrodeposition process
acting as a catalyzer, in a sense, of the nucleation and growth process.

The combination of kinetic data and morphological analysis applied in this
part of the present PA.D. thesis could be applied to a different type of organic
additive in order to link data obtainable prior the deposition of a metal film

and the information obtainable directly from the metal film characterization.
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Future analyses could link different organic additive to a specific pattern of
kinetic data, helping to select the best range of additive concentration during
the development of an innovative bath, without the need to explore extremely
wide concentrations range. In my case, this type of analysis will be mandatory
to select an organic additive to control tin nucleation and growth on the way
to establish the best combination of organic additives in the bronze
electrodeposition bath. In order to obtain an improvement of the bronze
coatings structure and simplify the sulphuration process needed to obtain

CuZZnSnS4.
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3 Non-PGM  sustainable catalytic
surfaces for energy production

Much of the energy production is currently derived from fossil fuels [119].
The immoderate use of this type of nonrenewable resources could cause, in a
relatively short time, the depletion of oil, leading to devastating consequences
both from the energy point of view and from the political and socio-economic
point of view. The dependence on these resources, in particular on the part
of the most developed countries, derives mainly from the good energy yield
of fossil fuels measured, in the economic sphere, by the EROEI (Energy
Returned On Energy Invested) index. This is calculated as the ratio between
the energy produced and the energy consumed in the production process
[120] for each energy source. The EROEI makes it possible to determine
whether the latter can satisfy the needs of a high industrialized society, for
which an EROEI of between 5 and 9 is required (for example, photovoltaic
EROEI = 6, nuclear EROEI = 5, oil and gas EROEI= 10 [121,122]). The
EROEI index is not trivial to be calculated for each energy source, because it
depends on different economic, political, and geographical parameters.
Overall, the gradual reduction of fossil fuels, together with the considerable
environmental impact caused by their use [123], led to find alternative
sustainable systems for energy production and storage. Examples are the use
of fuel cells for powering electric vehicles for city transport [124] or the use

of fuel cells in regenerative fuel mode to store hydrogen as the energy vector

[125].
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3.1 Fuel cells technology

FCs (or Fuel Cells) are devices able to directly convert the chemical energy
deriving from the oxidation of a given fuel into electrical energy, avoiding
thermal processes. There has not been a serious commitment to the
development and use of fuel cells before the end of the twentieth century.
Only in the last two decades the greater interest in alternative methods for
energy generation, which do not involve the use of non-renewable resources,
has contributed to the increasingly in-depth study of this kind of devices.

One of the major advantages in the use of fuel cells lies in the type of reaction
products. In the case of a hydrogen/oxygen fuel cell, for example, the overall
reaction leads to the production of water, a by-product that does not
constitute a risk factor at the environmental level [126]. Although there are
various types, fuel cells have a common basic scheme: they are composed of
two electrodes (anode and cathode) connected by an external circuit and
separated by an electrolyte which, in most cases, determines the type of cell
[127]. For example, in a cell with a polymeric membrane, at the anode we see
the oxidation of hydrogen with the production of protons. The latter pass
through the electrolyte, while the electrons reach the cathode through the

external circuit.

H, » 2H" + 2e~

Simultaneously at the cathode we have reduction of oxygen to give O” which

combines with the H" developed at the anode forming water.

0, + 4e~ - 20?%~
0%~ +2H* - H,0
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The electricity generated by the cell depends on the free energy of the reaction.
The latter is in turn linked to the equilibrium potential difference between the

two electrodes according to the relation:

AG® = —nFAE° 3.1)

Where n represents the number of electrons exchanged, IF the Faraday

constant and AE’ is the equilibrium potential difference defined as:

AE® = Egathode —EQ (3.2)

anode

The experimentally measured potential is far from the thermodynamic
equilibrium potential due to overvoltage phenomena (1) derived from the
passage of current and other parasitic potential falls, such as the poor mass
transport observed in some real systems [126]. A generic reaction that can
occur on the electrode (cathode), Ox + n° S Red, can be decomposed in a
series of elementary steps. For the electroactive species to take place, Ox, it
must spread from the massive phase of the solution to the surface of the
electrode, be absorbed on it and here undergoes a reduction; the product
obtained, Red, must be desorbed and diffused in the mass phase of the
solution (Fig. 3.1). The current produced on the electrode is directly related
to the progress of the reaction under examination. If thermodynamically
permissible, the forward speed is closely linked to the kinetics of the reaction
itself. In this case, the speed depends on the slower elementary process, called
the rate determining step, so it affects the amount of current generated. A
certain overvoltage is connected to each current density produced by an
elementary process. The total overvoltage can be considered as the sum of the
various contributions related to the different phases of the reaction, listed
below [128]:

e Overvoltage deriving from mass transfer (nMT)
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e Overvoltage due to electron transfer on the electrode surface (nCT);

e Overvoltage related to reactions that occur before or after the charge
transfer;

e Overvoltage due to phenomena occurring on the electrode surface

such adsorption and desorption.
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Figure 3.1 - Processes that constitute a generic reaction to the electrode [128].

Being heterogeneous reactions, the actual voltage is expressed as a function

of the current density, j, and is defined as:
AE(j) = Ec(j) — Eq(j) = 4Ey — [InaDI + [nc(D| + Rej] 3.3)

Where Re is the resistance of the electrolyte, which contributes to the drop in

potential, while 7,(j) and 7.(j) are the overvoltage potentials defined as [126]:

na(j) = Ea(j) - EO,a (3.4)
nc(i) = Ec(i) - EO,c (3'5)
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Overvoltage has an important influence on the efficiency of energy
conversion. In general, energy efficiency, ¢, is defined as the ratio between
usable and produced energy. In a thermal machine the maximum efficiency is
limited by the efficiency of Carnot, g™, defined as:

termic _ M/T E

ER = m =1- T1 (36)

In which W: is the reversible work, -AH the variation of enthalpy of the
reaction and Ty and T the absolute temperatures for the process carried out
by the thermal machine. While Carnot's efficiency often does not exceed 50%
[129], fuel cells, in theory, would be able to convert all the energy provided by

the reaction. For a cell the efficiency is calculated as:

cell _ VV@ TAS

Ep —m= 1_ﬁ (3.7)

In which W is the electric work and AS the variation of entropy. As previously
anticipated, in real systems the overpowering phenomena negatively affect the
yield. This effect is quantified by electrochemical efficiency, ev, which is also

a useful value when comparing different fuel cells (with the same reaction):

_BE _ [+ el + Rej] -
AE, AE,

&y

Another negative contribution to efficiency is given by faradic efficiency,

er, defined as:

Iexp _ MNexp® F-y _ MNexp (3.9)

Imax  Nmax " F " v; Nmax

& =

As can be deduced from the equation just described, the faradic efficiency

considers possible phenomena of heterogenecous catalysis and parallel
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reactions that decrease the number of electrons exchanged causing a lowering
of the produced current. In summary, the efficiency of a fuel cell, e, can be

calculated by combining the contributions just shown:

gre =€ gy eprey U (3.10)

The last two terms in the equation are respectively the heat yield, en, and the
tuel utilization percentage, U [126]. From the constructive point of view fuel
cells are generally made up of flat and porous electrodes interspersed with a
thin layer of electrolyte. This configuration makes it possible to organize the
cells in series, called "stacks", to have access to any powet.

The reactions that take place in the fuel cell involve the oxidation of the
hydrogen to the anode and the reduction of the oxygen at the cathode. Both
reactions are thermodynamically favored but, especially in the case of oxygen
reduction, there are limits linked to the kinetics that make the intervention of

a catalyst necessary.
3.1.1 PEM or AEM-FCs?

State of the art low temperature proton exchange membrane fuel cells (PEM-
FCs) are compact, yet high power-density systems ideal for automotive
applications. Corrosion problems associated with the acidic nature of the
proton exchange membrane (PEM) and the high cost of the platinum based
anodic and cathodic electrocatalysts and of the Nafion® membrane, atre the
main limiting factor for these devices. Replacing the PEM with an alkaline
anion exchange polymeric electrolyte (AEM) is one way to overcome these
problems. H,/ O fed anion exchange membrane fuel cells (AEM-FCs) ate the
most attractive alternative to traditional PEM-FCs. In fact, the alkaline

environment is less corrosive for FC components and allows in principle the
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use of non-noble metal-based catalysts. Platinum-based electrocatalysts are
the main limiting factor hindering the large-scale development of proton
exchange membrane fuel cells. The major issues are the high cost of this metal
and to the high Pt loading necessary to speed up the sluggish ORR reaction
in H,/O, PEM-FCs. Another limiting factor of platinum-based catalysts is the
CO poisoning effect which hinders the catalytic effect of the precious metal
surface. Unfortunately, Pt and its alloys are the best catalytic materials for the
hydrogen reactions and for the oxygen reduction reaction performed in acidic
environments. Platinum is also the only metal that can tolerate the strong
acidic environment of proton exchange membranes. Operating in an alkaline
environment is the only way to overcome these issues as in principle non
platinum electrocatalysts (PGM), even non noble based electrocatalysts (non-
PGM), can be used and the reactions kinetics are generally faster with respect
to acidic conditions. Alkaline conditions are also much less corrosive for FCs
components. Regarding the cathodic catalyst, in alkaline environment

platinum can be replaced by choice of non-noble metals.
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3.2 Oxygen reduction reaction in FCs

The oxygen reduction reaction (ORR) takes place at the cathode. In aqueous
electrolytes, it can follow two different mechanisms: an indirect mechanism,
with two electrons, with the formation of hydrogen peroxide which is

subsequently reduced to water:

0, +2e~ +2H" - H,0,
H,0, + 2e~ + 2H* - 2H,0

and mechanism that leads directly to the production of water by exchanging

four electrons [130]:

0, + 4e~ + 4H* > 2H,0

In terms of efficiency, the direct mechanism is preferable as it has a better
energy conversion. Furthermore, hydrogen peroxide, formed in the indirect
process, can produce free radicals with the risk of damage to the system [131].
In any case, both mechanisms depend the oxygen adsorption and dissociation
steps, specific for each type of catalyst used [120].

This part of my PA.D. thesisis focused on the study of non-PGM catalysts
enhancing the oxygen reduction reaction in AEM-FCs which were selected as
the election type of fuel cells for the advantages with respect to PEM-FCs
already discussed in the previous section.

In this regard a potential cathode electrocatalyst based on pyrolyzed carbon
was studied starting from waste materials such as tires. End of life tires (ELT's)
show a difficult disposal and recycling process. Their methods of recovery can
be divided in three main types: physical, chemical, and thermal. In the last
method, we sought a way of recovering ELTs using pyrolysis [132]. The

presence of carbon black, an excellent absorber, employed as filler in ELTs,
81



enables the use of microwave pyrolysis, in which electromagnetic energy is
transformed into thermal energy [133], and allows uniform heating [134].
Chars obtained by pyrolysis can be used to produce electrocatalysts for fuel
cells. Their catalytic activity depends on the presence of metals that speed up
the ORR kinetics [135] coupled with their high porosity that allows to absorb
large oxygen amounts [132,136—140].

The aim of this work was to improve the activity of raw chars using simple
and cheap methods such as electrodeposition. Considering the catalytic
activities of single metals in chars, Co and Cu show a synergic activity: the first
one assists the electron transfer and the second one enhances oxygen
adsorption onto the electrode surface; in particular, Co can break the O-O
bond of O, molecules, accelerating the first reaction step of ORR [135]. The
cheapest electrodes can be produced by doping cheap materials with
nanoparticles [141] which can increase peak current and reduce overpotential
promoting reaction

kinetics [142,143]. Particles at the nanometre scale can be obtained by using
different ways: (I) chemical reduction from colloidal solution; (II)
electrodeposition [144]; and (III) sonochemical reduction. In this part of my
Ph.D. thesis, I applied the last two methods to increase cobalt and copper

amount in ELT's chars.
3.2.1 Study of catalytic activity by RRDE

The RRDE technique allows a direct and complete study of the oxygen
reduction reaction as it allows us to estimate both the reaction intermediates
and the secondary products. This rotating electrode hydrodynamic
voltammetric technique involves the use of two working electrodes. A central

disk and a concentric ring are separated by an insulating layer and mounted
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on the lower interface of a cylindrical support of inert material in which it has
metal contacts and that is screwed to the rotation system. The disc and the
ring act as separate working electrodes or a controlled potential is applied to

each of them independently of each other (Fig. 3.2).

Figure 3.2 - RRDE Electrode with glassy carbon disc and platinum ring.

The rotation of the electrode causes the solution to drag towards the surface
and the laminar motion in the vicinity of the electrode causes a tangential
displacement, therefore the concentric geometry ensures that the electroactive
species encounters the primary electrode (the central one) and subsequently
the products of the reaction are transported to the ring where a second redox

reaction takes place, Fig. 3.3.
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Figure 3.3 - Reagent flow on the electrode.

In the RRDE technique the disk current is the sum of all possible faradic
currents that occur at that given potential. The electrode rotation causes the
removal of the species produced after an electrochemical reaction from the
disk to the ring. The latter is held to such a potential as to cause a preferential
reaction (the opposite that occurs to the disc) of a single species, in such a way
as to estimate the latter.

The RRDE technique is used in the study of the oxygen reduction reaction
where it allows to estimate the number of electrons exchanged and the
quantities of water and hydrogen peroxide produced during the reaction.
Potential scanning takes place on the disk while the ring is set to a constant
potential so that the oxygen reduction reaction (to give HO or H,O») takes
place on the disk and the oxidation of hydrogen peroxide is eventually present
at the ring produced on the disc. In the operating conditions the current
measured at the disk Ip is given by the sum of all the charge transfer processes

that take place in the working potential range, and therefore is:

Ip = Iyz02 + 2o 3.11)
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By applying to the ring, a potential finely tuned for the oxidation of the
hydrogen peroxide produced at the disc, the current recorded on the ring (Ix)

is due to the fraction of hydrogen peroxide molecules that reach the ring from

the disc.
Rotation Ring
electrode

— Insulator
“ . = Electrode
Disk support
electrode
~ N -
Al Hd V. O A OH" * Catalyst
Oé' < |/

Figure 3.4 Reactions that occur on the RRDE electrode

It is therefore necessary to introduce a term N (Collection Efficiency) defined
as the fraction of matter that passes from the disk to the ring and that the ring
manages to "capture". In fact, not all the molecules produced will be able to
reach the ring. The theoretical value of this parameter depends on the
geometry of the system and can be calculated by knowing the three rays of
the electrodes used (disc radius, ring radius and Teflon separator radius). The
value must be between 0 and 1 and is generally between 0.2-0.3. The N value
can be obtained experimentally, by performing a potential scan of a solution
containing a known redox pair (generally ferrocyanide/ferricyanide) and
calculating the ratio between the limit cutrents of the ring and of the disc (Ir/
Ip). The fraction of current measured at the disc due to the oxygen molecules
reduced to H2O; (Iiao) is given by the ratio between the current measured at

the ring and N:
Iz202 = Ir/N (3.12)
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The difference can therefore be obtained from the current due to the

reduction of oxygen to water:

Iyz0 = Ip — Iyz02 3.13)

The ratio between the total current measured on the disc and the number of
electrons exchanged (n) must be equal to the sum of the currents caused by

the reduction of oxygen to water and hydrogen peroxide:

I_D Inzo  Iuz02 (3.14)
n 4 2

By rearranging the terms, one finds the formula for calculating the number of

electrons exchanged per oxygen molecule:

A 4l
ID + IR/N ID + IHZOZ

n (3.15)
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3.3 Deposition of cobalt and copper on row
chars from End-of-Life tyres as non-PGM
catalyst for ORR in AEM-FCs

In this section will be presented the study of two different methods to enrich
raw chars derived from pyrolyzed waste tires. Co and Cu NPs enriched chars
were studied as alternative catalysts to be implemented in AEM-FCs due to
their ability to speed up oxygen reduction reaction in the cathodic side of the
cell. The concept behind this work regards the possibility to substitute PGM
which to the state of the art represent the best choice in terms of fuel cell

catalysts.
3.3.1 Experimental

In this study, it was combined the use of cheap electrodes made of chars
obtained from recycled tyres with the enrichment of earth abundant (and
cheap) metals, namely Co and Cu. Were compared deposition methods and
effective amount of metal deposited with their electrocatalytic performance.
In addition, the evolution of deposited materials on the optimized electrode
before and after electrocatalysis was monitored using scanning transmission
electron microscopy (STEM) and X-Ray photoelectron spectroscopy (XPS).
Char materials were obtained from Michelin tyres (model Agilis 81 195/65
R16C) using the experimental conditions defined in [145]. Tyres were
fragmented and dried in an oven with a temperature of 65 °C for 48 h. Dried
fragments were pyrolyzed in a microwave oven MW Lab Unit (Microglass)
working at 2.45 GHz with a maximum power of 2.4 kW. The solid residue

was homogenized obtaining raw chars. The sample with the highest
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power/mass” (P/M?) ratio during pyrolysis (see [146]) was labelled “CHran”

and was selected for the metal enrichment process below.
3.3.1.1 Sonochemical deposition

Sonochemical deposition was applied to the CHraw sample following the
experimental procedures reported in [147,148]. Co nanoparticles were
prepared from an aqueous solution 0.2 M of cobalt hydroxide carbonate
(Co2CO3(OH),) with the addition of citric acid 0.05 M to favor the carbonate
dissolution and control nanoparticles’ structure and dimensions. Similarly, Cu
nanoparticles were prepared from a similar solution with CuCl.. A volume (5
mL) of ethanol and 25 mg of chars were added to the solution and then
sonicated for 90 min. At the end of the deposition, samples were dried and
centrifuged at room temperature to speed up the drying process to obtain two
sets of samples: char with sonochemically deposited Cu and Co labelled,

respectively, “CHscCu” and “CHseCo”.
3.3.1.2 Electrochemical deposition

Electrochemical deposition of Co was performed using a char-based ink
(using sample CHraw) and dropcasting it on a glassy carbon electrode, using
the method described in [149]. To determine the optimal potential and
experimental conditions for the deposition, a cyclic voltammetry on the ink in
a buffer solution NH;OH/HCIO, (pH = 9.2) containing 5:10° M Co(Il) was
performed. The deposition was then conducted through chronoamperometry
with a constant potential of -850 mV (vs. Ag/AgCl/KClI sat.) under constant
magnetic stirring. Before the deposition, to clean the deposited ink surface,
was performed a linear scanning voltammetry of stripping in a cleaning

solution from -750 to 600 mV (vs. Ag/AgCl/KCl sat.) with a scan rate of 10

88



mV/s. The electrode was transferred in a beaker containing 50 mL of Co(II)
solution, previously flushed with N> for 30 min. Chronoamperometry with a
constant potential of -850 mV (vs. Ag/AgCl/KCl sat.) was performed as a
function of time to make a cobalt electrochemical deposition series with
electrodepositions lasting 5, 15, 30, 60 and 90 s. The resulting samples were
labelled as “CHecCo55”, “CHecCol55”, “CHecCo305”, “CHecCo605”, and
“CHecCo90s”, respectively. The amount of Co deposited on the electrode was
theoretically calculated by Faraday’s laws of electrolysis and empirically
measured by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis. Deposited quantities are reported in Table 3.1. The stability of
the deposited material was confirmed by stripping linear sweep voltammetry

(LSV) where no dissolution peak is observed.

Sample Time (s) Chatge (C) 1]3121;’:2:;
CHeeCo5s 5 1.97-10° 6.02:10°
CHecCol5s 15 3.67-10° 1.12:10°
CHecCo30s 30 5.874-10° 1.79-10°
CHeeCo60s 60 736:10° 225107
CHeeCo90s 90 1.017-10° 311107

Table 3.1 - Deposited charge related to different Co deposition time and associated
deposited mass per electrode.

3.3.1.3 Inductively  Coupled  Plasma-Atomic Emission
Spectroscopy (ICP-AES)

Metal content deposition was evaluated through ICP-AES analysis, carried

out using a microwave mineraliser, (CEM Mars Xpress) and a

spectrophotometer with inductively coupled argon plasma (Perkin Elmer

Optima 2000 OES DV). The results are reported in Table 3.2.
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Sample Cu (ppm) Cu (mg) Co (ppm) Co (mg)
CHraw 38.5 8.47-10° 162 3.56:10”
CHscCu 1140 2.21-10* / /
CHscCo / / 235000 5.17-10°
CHecCo5s / / 1800 3.96-10"*
CHecCol55 / / 4710 1.04-10°
CHecCo30s / / 7140 1.57-10°
CHecCo60s / / 13600 2.98-10°
CHecCo90s / / 19485 4.27-10°

Table 3.2 - Metal content from ICP-AES analysis after sonochemical (CHsc) and
electrochemical (CHey).

3.3.1.4 Scanning transmission Electron Microscopy (STEM)

Samples for STEM analyses were prepared by finely crushing powders of
electrode material and depositing them directly onto (10 nm) holy carbon
films supported by standard TEM copper grids following the procedure
described in [150]. STEM analyses were performed using a double aberration
cotrected scanning/transmission electron microscope operating at 200 KeV
(JEM 2200FS, JEOL Japan Ltd.). High angle annular dark field (HAADF)
STEM images were obtained using an inner collection semi-angle of 70 mrad
and an outer collection semi-angle of 180 mrad. STEM energy dispersive X-
ray (EDX) analyses were done using a 100 mm?* UltraDry windowless EDX
silicon drift detector and the Pathfinder™ X-ray microanalysis software

(Noran system 7, Thermo Fisher Scientific Inc.) for data analysis and display.
3.3.1.5 X-ray Photoelectron Spectroscopy (XPS)

XPS was done in ultra-high vacuum conditions (UHV) with an Al Ka
X-ray source at 1486.6 eV (VSW Scientific Instrument Limited, model TA10)

and a hemispheric magnetic analyser (VSW Scientific Instrument Limited,
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model HA100) with a 12-channel detector. The source power was set to 120W
with a 44-eV collection energy. Samples were transferred into the UHV
chamber and cleaned with a low energy sputtering for 3 min before starting
the analyses. Spectra were acquired with an energy dispersion of 0.5
eV/channel and 0.1 eV for overview and high-resolution spectra acquisition,
respectively. Spectra were analysed using CasaXPS software. Calibration was

done fixing the energy of the aliphatic C 1s transition at 284.8 eV [151-153].
3.3.1.6 Electrochemical measurements

Electrochemical characterisation involved cyclic voltammetry (CV) and LSV
using Rotating Ring-Disk Electrode (RRDE). The experimental setting was
composed by a cell containing a 0.1 M KOH solution and three electrodes:
(a) reference electrode Ag/AgCl/KCl sat. with a potential of +0.197 V with
respect to a Normal Hydrogen Electrode (NHE); (b) platinum wire as counter
electrode; and (c) RRDE as working electrodes, consisting of a glassy carbon
(GC) disk insert (¥ 5 mm; A = 0.196 cm?) and a Pt ring (A = 0.11 cm?). Each
electrode was connected to a PGSTAT 100 N bi-potentiostat able to
simultaneously record both disk and ring current. The RRDE electrode was
attached to a modulated speed rotator (MSR) model 636 A from Pine
Instrument Co. Electrocatalytic activity of chars was tested preparing 0.5 g of
an ink which contained catalyst (2%wt), water (52%wt), ethanol (26%wt) and
Nafion solution (20%wt). The ink was sonicated for 30 min and drop-casted
on the glassy carbon electrode using a 20 pL pipette. The resulting electrode
was dried at room temperature. To verify the electrocatalytic activity of the
samples, cyclic voltammetry was carried out with a potential range from +0.1
to -0.85 V with a scan rate of 5 mV/s. The 0.1 M KOH solution was saturated

O, gases. In all cases, a clear oxygen reduction peak is observed under O»
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saturation. As a control experiment, with a saturation of the solution with N,
it was verified that the oxygen reduction peak was not observed. Starting from
these results, RRDE experiments were performed using a scan rate of 5mV/s
in the potential range from +0.1 to -0.85 V (vs. Ag/AgCl/KCl sat.) for the
modified GC electrode while the Pt ring electrode was held at a potential of
+0.6 mV. Disk and ring current were obtained using RRDE electrode
rotational speed of 1600 revolutions per minute (rpm). RRDE calibration was
led for each sample determining empirically the collection efficiency number
(N) following the RRDE manufacturer (Pine Instrument Co.) procedure
through ring (Iz)/disk (Ip) current ratio (N = Iz/Ip) registered during LSV of
a N saturated solution of 10 ppm K;Fe(CN)q in KCI 0.1 M at scan rate of 5
mV/s in the potential range of +0.4 V to -1.3 V and holding the ring with

constant potential of +0.6 V at 1600 rpm.
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Figure 3.5 - Typical LSV obtained from sample CHecCo30s by RRDE with a solution of
K3Fe(CN)s to calculate the collection efficiency (N) (Black line Ip, red line Ir).
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Once N was determined, the electron transfer number exchanged per O»
molecule occurring during the ORR process (n) was calculated using Equation

(3.15) [154], for each sample.

4l

—_ D 3.15
"L+ In/N (515

Based on the number of electrons exchanged per O, molecule, the H>O and
H,O, percentages produced during the ORR process were calculated by
Equation (3.10).

%H,0, = (2 - E) -100 (3.16)
2
The onset potential was estimated through the determination of the first
derivative curve of the disk current SI [155]. The onset potential is the value

of potential that coincides with the intersection among the curve tangent and

the continuation of baseline.
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Figure 3.6 - Example of first derivative curve of disk current to determine onset potential
value on CHec30s.

3.3.2 Results

The onset potential and the number of exchanged electrons was the
parameters considered to state the catalytic activity of electrocatalysts. The
onset potential represents the limit value at which a reaction starts to evolve
in significant quantities while the number of exchanged electrons allows the
assessment of the principal reaction pathway in ORR. A catalyst should
preferably promote a four-electron exchange leading to H>O formation and
avoid a two-electron exchange that results in H.O» because of its negative
influence on yields and corrosive effects on the membrane used in fuel cells.

The results from linear sweep voltammetry (LSV) are reported in Figure 3.7.
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Electrochemical data (Table 3.3) demonstrated an improvement in catalytic

activity of the electrochemical modified char.

N N

Sample Eon (V) Experimental | Empirical o HaO:

CHraw -0.21 3.53 0.25 23.5

CHseCn -0.225 291 0.20 54.5

CHscCo -0.183 3.19 0.21 40.5
CHecCo5s -0.184 3.94 0.25 3.0
CHecCol 55 -0.180 3.95 0.25 2.5
CHecCo30s -0.172 3.98 0.25 1.0
CHecCo60s -0.184 3.96 0.25 2.0
CHecCo90s -0.193 3.94 0.25 3.0

Table 3.3 - Synopsis of electrolytic data collected from sonochemical and electrochemical
deposition of Co and Cu.

In the case of sonochemical deposition, it was possible to observe a worsening
in catalytic activity compared to ink exclusively made of CHraw. This can be
attributed to an excess of material deposited (as confirmed by ICP-AES
analysis). Co fully covering the char surface would prevent the correct
adsorption of oxygen. This led to more negative values of the onset potential
compared to the one measured for CHraw. In addition, a decrease in
exchanged electrons (around 2.90) was observed with a consequent increase
in the percentage of hydrogen peroxide produced (around 15%). Cu
deposition brought worse catalysis yield, with a production of 40% of
hydrogen peroxide (3.19 exchanged electrons). Ink samples of CHraw after
Co electrodeposition showed an increased catalytic efficiency with respect to
ink exclusively made of char. In fact, a higher onset potential of -197 mV was
observed with an electron exchange close to 4, and a production of hydrogen

peroxide always under 2%.
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Figure 3.7 - ORR RRDE electrocatalytic performance of samples obtained from
sonochemical and electrochemical deposition of Co and Cu on CHraw: (a) ring; and (b) disk
current density.

In Figure 3.8, using the data shown in Figure 3.7 and Table 3.3, for the
electrochemical deposition case, were plotted the potential values as a
function of deposition time. Data showed a volcano-like trend, in agreement
with Sabatier principle [156]. This is typical of a mechanism where the O,
adsorption is the rate-determining step. The increase in potential on the left

branch of the “volcano” profile can be attributed to the increase of deposited
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Co onto the surface, while the decrease on the right branch can be associated
with an excessive coverage in Co with a consequent reduced capability of
oxygen adsorption from the underneath char. Alongside the increase in
deposition time, a progressive enhancement in catalytic activity was observed,
peaking at a deposition time of 30 s. In this case, a substantial enhancement
of all studied parameters was observed, obtaining an onset potential of -172
mV, exchanged electrons up to 3.98 per O, and hydrogen peroxide
production under 1% (0.65%).
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Figure 3.8 - Volcano curves as obtained by plotting: (a) the potential values atj = -0.5 mA

cm?; and (b) onset potential values versus time of Co electrochemical deposition.

To verify the stability of sample CHecCo30s, it was tested for 10 min in an
alkaline solution saturated with O; at a potential of -0.6 V. In Figure 3.9, can
be observed that under these conditions the number of exchanged electrons
per oxygen molecule were maintained constant (near 4¢’/O,) demonstrating
a good stability. The ORR mechanism associated with the optimal sample
implies the breakdown of the O-O bond without any intermediate steps by
observing a 4¢” exchange for O, molecule, meaning a direct formation of water

molecules.
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Figure 3.9 - Time stability test (galvanostatic RRDE experiment) for a sample after

electrochemical deposition f Co: ring and disk currents, together with n, the number of
exchanged electrons per Oz molecule over time.

CHraw powder samples were investigated by STEM; overview HAADF
images of typical char grains can be seen in Figure 3.10. Grains of submicron
size showed the presence of nanoparticles (indicated by the red arrow in Fig.
3.10.2). High-Resolution Bright Field (HR-BF) STEM images revealed the
crystalline nature of the nanoparticles, as well as a mixed amorphous and
graphitised char material (Figure 3.10.c,d). EDX analysis on the nanoparticle
showed they are made of Zn and S. These nanoparticles are the remnants of
the vulcanisation process, as reported in [157]. The ORR mechanism is
improved by the presence of the metal; however, the effect is not at the same

level as for the added Co material (see results for CHraw).
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Figure 3.10 - HAADF (a) and BF STEM (b) images of typical sub-micron clusters of raw
char sample crashed powder supported by amorphous carbon film. Z contract in HAADF
STEM images show the presence of inorganic nanocrystals (indicated by the red arrows).
HR-BF STEM images of nanoparticles showing good crystallinity (a) as well as the degree
of graphitisation of the char material (c). Inset in (c) shows an overview of the flake
containing the nanoparticles (bar corresponds to 50 nm).

The sample with optimal electrocatalytic performance corresponding to 30
sec. deposition (sample CHecCo30s5) was investigated by STEM before and
after electrocatalysis. The sample after electrodeposition showed a uniform
coverage of Co in the form of a network-like structure, as shown in the
HAADF images in Figure 3.11. Bigger Nanoparticles in Figure 3.11.a are ZnS
NPs, while whiter areas in Figure 3.11.b are associated to Nafion®
(C:HF1505S-C,Fy) residues.
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Figure 3.11 - HAADF images of typical char grains after Co electrodeposition. Larger NPs
in (a) are ZnS. Co is uniformly covering the grains surfaces with a network of islands.
Whiter areas in (b) contain fluorine due to the presence of residues of Nafion® used to
treat the sample.

HAADF STEM images (Figure 3.12) showed that after the stability
measurements two types of materials with different textures were observed
on the chars: well defined nanoparticles and smaller accumulation of material
at the edges of char grains. EDX analyses confirmed that bigger nanoparticles
are made of ZinS, while the other material was due to the redistribution of Co
during the electrocatalysis process where the Co network broke-up with

migration of Co material towards the edges and grain boundaries of char.
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Figure 3.12 - (a) HAADF STEM overview image showing a grain of material after stability
measurements. (b) A higher magnification image corresponding to the dotted box areas in
(a). Nanoparticles are visible as well as the remnant of the Co electrodeposited network.

High-resolution XPS spectra obtained in the ranges 815-765 and 1055-1015
eV around the Co 2p and Zn 2p transition, respectively, are reported in Figure
3.13. Spectra were acquired for samples before and after the stability
measurements. The Zn 2p profile remained the same with the addition of a
shoulder towards high energy, indicating an increase in oxidation of the ZnS
nanoparticles. A shift towards higher energies was visible in the Co peak,
suggesting oxidation of the material. Such oxidation did not influence the

catalytic efficiency of the cell, as shown in Figure 3.9.
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Figure 3.13 - (a) High-resolution XPS for the Co 2p peaks in the range 815-765 eV. (b)
High-resolution XPS for the Zn 2p peaks in the range 1055-1015.
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3.3.3 Final remarks and outlooks

With the aim of finding an efficient substitute to noble metals in the catalysis
of oxygen reduction reaction and at the same time to efficiently recycle waste
automobile tyres, efforts were made to strengthen the catalytic activity of
chars obtained from MAP of waste tyres. Two metal enrichment methods,
namely sonochemical and electrochemical deposition, were used to deposit
Co and Cu on char. The catalytic efficiency of samples was evaluated by
obtaining onset potential values and the number of exchanged electrons in
oxygen reduction reaction in alkaline medium using hydrodynamic
voltammetry RRDE technique. Samples enriched by electrochemical
deposition were found to have better catalytic efficiency with respect to
sonochemical deposited samples where excessive material was deposited on
the char surfaces. Char electrodes enriched with Co showed a maximum
positive shift of 40 mV with respect to raw char electrodes. This brought the
number of exchanged electrons per O, molecule during ORR close to 4 (Pt
value) corresponding to a reduction in the production of unwanted oxygen
peroxide from 23% for raw chars to 1% for the optimal deposition conditions
of CHecCo30s sample. In addition, chars deposited with sonochemical Cu,
although showing a similar onset potential as for the optimal Co samples,
resulted in a production of 40% H»O, corresponding to a reduced catalytic
efficiency. Galvanostatic measurements of the optimal sample showed good
catalytic efficiency stability over time. STEM analyses showed a uniform
network-like Co coverage of the char surface before the stability test, whereas
material rearrangement was observed after it. XPS analysis showed Co slightly
oxidised after the treatment. Both changes did not seem to interfere with the
efficiency of the semi-cell. This part of the thesis proved that it is possible to

increase the catalytic activity of chars after deposition of an inexpensive metal
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such as Co: chars derived from end-of-life tyres can be easily transformed with
a sustainable treatment in both economic and energetic terms
(electrodeposition) to produce green energy. Future developments will regard
the assembly of a complete AEM-FC to test its performances in terms of

energy production and stability over work cycles.
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4 Thin palladium films exploiting an
electroless route

4.1 Introduction

The importance of palladium lies in its unique ability to adsorb hydrogen and
catalyse hydrogenation and dehydrogenation reactions. Palladium plays a
fundamental role in a wide range of applications: in the energy field for the
production [158], storage [159] and use of hydrogen in catalytic fuel cells [160—
162] but even in the chemical synthesis field with application in
optoelectronics [163] and biology [164,165]. It is estimated that palladium is
the element with the highest hydrogen adsorption capacity, managing to store
volumes equal to 935 times its own [166]. These characteristics make this
element extremely functional for the development and production of new
energy systems not dependent on oil, such as fuel cells [159]. Nowadays,
palladium is mainly used in the automotive sector, in the production of
catalytic converters: in 2020 China requested a 30% increase in the quantity
of palladium inside them [167]. The major problem related to the use of
palladium is its high and constantly growing cost, due to the scarce quantity
extracted around the world, the increasing need to transition from an
economy based on oil to one based on hydrogen [168] and the very high
demand from the automotive sector to achieve increasingly stringent
environmental standards in vehicle emissions. To stem this defect and make
an eco-sustainable system advantageous, even economically, it is essential to
study the techniques for producing thin films of palladium, to avoid the use
of massive metal while preserving the surface properties that have made it so

widespread. The application of precious metal coatings in different sectors is
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always facing the challenge to reduce the metal amount still maintaining the
surface properties obtained by the material (e.g., corrosion resistance, wear
resistance, conductivity, aesthetical appearance, catalytic performance, etc.) to
improve the economic sustainability of the process. Looking to the
compatrison of the price evolution (€/g, Figure 4.1) of the three most
employed precious metals from the automotive to the luxury industrial
sectors, can be seen that palladium has had the greatest price growth in the
last four years. For this reason, the research and development of a highly
sustainable route to produce high quality palladium coatings could be of

interest from different points of view of application.
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Figure 4.1 - Platinum, gold, and palladium price trends over last four years
(Source: www.heraeus.com).

Palladium is particularly popular in the electroplating industry for luxury
jewellery and accessories in which is used as intermediate layer and/or top
layer with thickness ranging from 0.1 um to 5 pum [85]. In this sector,

palladium films obtained from an electroless deposition could open the doors
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to a more cost-effective industrial process respect to the electrodeposition
one.

Electroless deposition techniques differ from electroplating due to the
absence of external current designed to promote the reduction of the species
to be deposited on the substrate. In electroplating techniques, the growth of
the deposit depends on the surface current density, which, for irregular
geometries is not uniformly distributed over the cathodic area, leading to non-
uniform deposits. This problem does not occur with electroless depositions
(given the non-use of external current) making these techniques excellent for
use on substrates with exotic and irregular shapes [169].

The aim of this part of my Ph.D. work was the development of a cost-effective
technique or combination of techniques able to produce high quality Pd thin
films with tailorable thickness onto copper substrates. To obtain a Pd layer
with a very cost-effective procedure, electroless plating techniques were
selected as the election procedures.

Copper was chosen as base material because is a common material used as
substrate as well as intermediate layer in electroplating and surface finishing
industry thanks its semi-noble behaviour, the high levelling power (if
electroplated), and the brightness of the copper surfaces. Unfortunately, the
electroless deposition of palladium on copper is not trivial and can lead to
some issues. These problems come to the presence of concentrated ammonia
in most of the electroless palladium baths, in fact a pre-deposition step is
mandatory on Cu substrates. As proof of the fact that ammonia acts as an
etchant on copper surfaces, its effect has also been studied in literature as a
copper surface polishing agent [170]. In the case of this work the ammonia
etchant behaviour is detrimental for the formation of a continuous and

adherent Pd layer.
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Two different types of electroless deposition techniques were used,
displacement deposition and chemical deposition. The displacement
deposition technique (PDP, Palladium Displacement Plating) is a process in
which the ions of a metal nobler than the metal substrate are reduced on the
substrate due to a galvanic exchange reaction, producing a deposited film
[169].

Chemical plating is the most used electroless deposition technique [171] (PCP,
Palladium Chemical Plating) because is more efficient than displacement
plating baths allowing to obtain palladium deposition rates of over 2.5 um/h
at 50-60 °C of deposition temperature [172]. The deposit is formed exclusively
on catalytically active substrates, thanks to the reduction of metal ions in
solution by a reducing agent present in the bath. Chemical deposition is
defined as a process in which one has the formation of a metal film through
a controlled chemical reaction, catalysed by the same deposited metal [173].
This technique is widely used to deposit metallic films on non-metallic
surfaces, e.g. glass and ceramics, through a pre-treatment to make catalytically
activates the surfaces [174,175].

Unlike chemical deposition processes, displacement plating does not include
external reducing agent, it ends as soon as the noblest metal, palladium in this
case, completely covered the substrate. For this reason, this technique can
produce only very thin films, that is an advantage for catalytic applications but
an issue for decorative applications. Chemical plating has the advantage of
selectively deposit on the conductive area of the substrate, a useful feature in
various areas, such as the preparation of printed circuits [176]. Electroless
deposition can be found in literature in a large number of metal/substrate
combinations [177,178]. For example, metallization of semiconductor
surfaces [179,180], deposition of Ag-Pd alloys [181,182], deposition of Pt on

Ti surface [183], deposition of noble metals on Ge [184], Cu film formation
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on metal nitrides [185], Cu and Ni deposition on Al surfaces [186—189],
metallization of carbon nanotubes [190] and deposition of Ag, Cu and Au
surfaces [191,192] but in the particular case of Pd on Cu can be found a limited
number of reports [171,176,193], where the authors did not study neither the
homogeneity of the deposits over the entire substrate area nor their thickness
or their adhesion and stability over time. Moreover, the combination of
different electroless techniques to develop a complete process with tailorable
Pd thickness has never been studied, to the best of my knowledge. In
particular in its work Djokic [171] studied the influence of temperature and
pH on the deposition rate of Pd-P alloys analysing their crystalline structure.
Johnson [176] studied both the aging of the plating solution and the thickness
of the obtained Pd layer, but due to the date of publish (1961) the thickness
data obtained could be revised by more modern techniques. Ojani [194]
studied the electroless deposition of Pt-Pd alloys as catalysts for HER
(Hydrogen Evolution Reactions) reporting the composition and the surface
morphology of the deposited alloys but without paying attention on the
adhesion of the obtained structures.

In this work I attempted to combine two different palladium electroless
processes on the way to deposit palladium films with tailored thickness on
copper. To reach this aim, selected PDP baths were tested to obtain thin
palladium films. Low thickness palladium films have the dual role of being
applied as an affordable catalytic surface in the energy and automotive sector
or protecting copper substrates from the subsequent PCP baths based on
ammonia, which are the best performing palladium chemical plating baths
available in literature to my knowledge [172,176]. Ammonia-based PCP baths
used, exploited hypophosphite as reducing agent for the formation of the
palladium coating. This type of formulation was the best alternative to the

hydrazine-based PCP baths in terms of performance, although the palladium
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film could incorporate phosphorus forming Pd-P alloys [169,171]. Hydrazine
represents the first type of reducing agent studied for the chemical deposition
of different metals such as nickel, copper [195-197] and also palladium [198].
Hydrazine represents a less green and safe alternative to hypophosphite due

to its hazardous properties such as flammability and toxicity [199].
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4.2 Study of combined electroless techniques
for palladium coatings with tailorable
thickness

In this section will be presented the development of a combined technique
based on different electroless deposition processes of palladium onto copper
substrates. Ultra-thin palladium films were analysed from the thickness point
of view applying an innovative method based on a standardless approach to
overcome the limits of traditional methods (i.e., XRF or metallographic
analysis of film sections). The strategy developed allowed to obtain palladium
coatings free of surface defects in a wide range of thicknesses (from nano to

microfilms).
4.2.1 Experimental

In this work three different PDP solutions were tested to study the
displacement electroless deposition of palladium, both as a method to obtain
nanometre-sized continuous layer and as a pre-deposition treatment
applicable to PCP on the way to produce high-quality micrometre-sized
palladium layers. These three different displacement deposition solutions
from three different authors were selected as the sole alternatives available in
literature.

All the solutions involved in this study were prepared with Ultrapure water
(18.2 MQ, TOC < 5 ppb) obtained by Sartorius Arium® mini system
(Gottingen, Germany). The PDP solutions were prepared using different
quantities of PdCl, salt 99.9% (Alfa Aesar, Heysham, Lancashire LA3 2XY,
United Kingdom) and HCI 37% (VWR AnalaR® NORMAPUR®, Radnor,
PA, USA). The PCP solution were obtained using the same PdCl, salt and
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HCI purchased before for PDP solutions and were added NH; 28% (VWR
AnalaR® NORMAPUR®, Radnor, PA, USA), NaH,PO,-H,O (Carlo Erba,
Cornaredo, Italy) and NH4Cl (Merck Millipore Suprapur®, Burlington, MA,
USA).

In Table 4.1 are reported the composition of PDP solutions studied.

Bath PACl, (as Pd) HCI (37%)
mM gL' M mL-L"!
A 9.4 1.66 0.6 50
B 28.2 5 2.6 216
C 0.56 0.1 0.006 0.5

Table 4.1 - Palladium displacement plating baths nomenclature and their relative
composition.

Solutions A, B and C developed respectively by Djoki¢ [171], Johnson [170]
and Pearlstein [172] were prepared simply adding palladium salt in HCI
solution, stirred until complete dissolution of the salt at room temperature.

The bath developed by Pearlstein and Weightman [172] (Table 4.2), was
selected as the PCP solution used in this work due to its efficiency and its

stability over time and work cycles.

Reagent Concentration

PdCl, 2 g'L'l

HCI (37%) 4 mL-L'

NH; (28%) 160 mL-L"

NaH,PO; - H,O 10 g'L"
NH,CI 27 gl
Temperature 55°C

Deposition time 60 min.

Table 4.2 - Palladium chemical plating bath composition and conditions.

To obtain the best performances in terms of Pd film quality and bath stability,
the PCP solution (presented in Table 4.2) preparation were carried out
meticulously. The Pd solution was prepared by dissolving 0.1 g of PdCl; in a
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flask containing 0.2 mL of 37% HCL. Within it, palladium was presented in
the form of [PdCL]*. To the previously prepared solution, was added 8 mL.
of 28% NH; little by little under stirring, forming a light-pink precipitate. The
flask was closed and left under stirring for an hour until the solution became
transparent. It was then left to mature for a total of 24 hours. Transparency
indicated the formation of the chelate [Pd(NH3)4]Clo. The contents of the flask
were subsequently filtered into a 25 mL flask with the use of a syringe and a
glass fibre filter, to remove any pollutants which could lead to the
deterioration of the solution. In parallel to this, a solution of sodium
hypophosphite monohydrate was made by dissolving 0.5 g in 25 mL of
Ultrapure water. Finally, the two solutions were combined in a 50 mL flask.
The copper substrates (pure copper, dimensions 50 mm x 10 mm x 1 mm)
used in the entire work was pre-treated by different steps. The pre-treatment
of copper substrates is an irreplaceable step due to the copper oxide layer
naturally formed over the entire surface, which passivate it blocking the
galvanic exchange reaction between copper atoms and palladium ions which
produce the electroless deposited film.

First, the metallic slabs were polished with a polishing machine using a
polishing soft brush and polishing wax. Then, to completely remove the
organic residues due to the polishing wax, it was necessary to stir the copper
plates inside toluene for about 3 minutes and rinse with abundantly Ultrapure
water. Each copper plate was masked with the help of Teflon tape to obtain
a reproducible deposition area (approximately 1 cm x 1 cm on the bottom of
the plate) and further degreasing with acetone was performed. Second step,
an electrochemical cathodic degreasing was then carried out using copper as
cathode and a mixed oxide counter electrode inside an alkaline degreasing
solution commercially available (DEXO 102, Italfimet, Arezzo, Italy). Copper

plates were then, rinsed with Ultrapure water, dipped in a neutralization
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solution (H.SO4 0.5 M), and rinsed newly with Ultrapure water. The cathodic
degreasing acts as a pre-treatment for copper surface as it removes copper
oxide by the H bubbling and organic residues by the soap in solution. All the
Pd depositions were performed at 20 °C (except where differently stated).
Both the beaker and the stir bar (when used) were carefully cleaned with a
piranha solution and aqua regia after each single use.

Scanning electron microscope coupled with an energy dispersive X-ray
spectroscopy detector (SEM-EDS) analysis was performed with Hitachi
(Tokyo, Japan) S2300 using an acceleration voltage of 20 keV, equipped with
Thermo-Fisher Scientific (Waltham, MA, USA) Noran System 7 detector and
analysed with Pathfinder™ 1.3 software.

Equivalent metal film thickness determination by EDS spectra was made
possible applying the K-ratio method [200,201]. Selecting a particular X-ray
emission signal of an element (in this case Ka for copper and La for
palladium) in the EDS spectra, the ratio between the area of this signal derived
from the metal layer with a specific thickness and the one derived from the
bulk metal is called K-ratio. In this case NIST DTSA-II software [202] was
used to simulate EDS spectra of different palladium films with known
thickness using Monte Carlo approach [200,201] applying the work
parameters of the Hitachi SEM used for real samples. The calibration curve
obtained from the simulated K-ratios »s standard metal film thickness was
used to interpolate K-ratio values obtained from real palladium films with
unknown thickness. The thickness values calculated by this method are
"equivalent thicknesses" obtained by interpolating a regression curve.
Optical microscopy analysis (OM) was carried out with Nikon Eclipse L. 150
(Tokyo, Japan) with images acquisition software NIS-Elements I 2.20.

X-ray fluorescence spectroscopy (XRF) of palladium films on copper was

carried out using a Bowman BA-100 (Schaumburg, I, USA) previously
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calibrated with Bowman certified palladium standard (0.99 um) on bulk

coppet.

4.2.2 Results

Extensive bibliographic research and preliminary deposition tests were
performed to verify the performances of deposition for both PDP and PCP
solutions. Then the three PDP solutions presented in the previous section
were selected to test which of them allow to obtain the best performances in
terms of film thickness and morphology. Each solution was tested combining
different deposition time and the presence or the absence of stirring. The list

of performed tests is reported in Table 4.3.

Sample PDP solution stirring Deposition time (s)
#1 A No 30
#2 A No 90
#3 C No 30
#4 C No 90
#5 B No 30
#06 B No 90
#7 A Yes 30
#8 A Yes 90
#9 C Yes 30
#10 C Yes 90
#11 B Yes 30
#12 B Yes 90

Table 4.3 - Deposition conditions for PDP samples obtained from baths A, B and C.

The deposition parameters selected to produce samples from #1 to #12 were
chosen to compare the performances of the PDP solution in presence and in
absence of stirring, combining two deposition times. The shorter deposition
times respect to those already studied in literature (12 minutes in the case of
Johnson’s work [176]) were selected in order to study the possibility to obtain

an ultrathin-but-continuous palladium layer, to persecute the sustainability in
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terms of precious metal amount, which is the one of the main aims at the basis
of this work.

Once the depositions were completed (Figure 4.2), the plates thus obtained
were rinsed abundantly with Ultrapure water and dried under nitrogen flow.
To address the film quality and thickness, the deposits obtained were analysed

through various techniques with OM, SEM-EDS and XRF.

Figure 4.2 - Aesthetic appearance of palladium films obtained by displacement plating.
Sample numbers are reported on the uncoated part of each sample.

4.2.2.1 Palladium displacement plating characterization

Due to the very low amount of palladium deposited with the PDP method,
SEM-EDS analysis was used to measure the film thickness. The EDS spectra
of the specimens made of copper with various thickness palladium were
simulated with NIST DTSA-II software. From the spectra the K-ratio were
calculated to build the calibration curve (Figure 4.3) [200,201]. K-ratios are
defined as the ratio between the peak intensity (X-ray counts) for the element
of interest in the sample and the peak intensity of the pure element at the same
energy. Then the spectra of real samples were recorded, the K-ratio was
calculated, and the thickness obtained by means the calibration curve.

The calibration curve for the thickness determination was built simulating the
following thicknesses of palladium on copper: 0 nm, 5 nm, 10 nm, 20 nm, 50
nm, 75 nm (Figure 4.3 inset). The simulated points were not equally spaced

because the correlation between thickness and K-ratio is exponential, in this
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way the fitting is more reliable and optimized, keeping the number of points
low. For low metal thicknesses the correlation between K-ratio and thickness
values can be approximated by a second-grade equation which provide a

simpler regression maintaining a high reliability (R*> > 0.999).
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Figure 4.3 - Fitting curve of simulated standard palladium film thicknesses and relative K-
ratio. In figure are reported the fitting equation and the R? value of the fitting equation. The
inset shows the simulated spectra used to obtain the K-ratios.

The thicknesses obtained with the K-ratios through the calibration curve are
reported in Table 4.4. The standard deviation was calculated from the values

provided by the EDS spectra.
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Sample K-ratio EDS thickness (nm) Std. Dev. (£ nm)
#1 0.006 1.7 0.3
H2 0.015 4.2 0.3
#3 0.000 0 /
#4 0.003 0.8 0.3
#5 0.039 10.6 0.3
#6 0.084 22.2 0.2
#7 0.010 2.8 0.3
#8 0.034 9.3 0.3
#9 0.004 1.1 0.3
#10 0.022 6.1 0.3
#11 0.070 18.6 0.2
#12 0.168 41.7 0.4

Table 4.4 - Equivalent thickness results by EDS spectra of palladium displacement plating
samples.

From the results obtained, comparing the same deposition solution, the
increase of deposition time seemed to act in a more relevant way than the
presence or the absence of stirring on the obtained thickness. Although also
the presence of stirring contributed to increase the Pd thickness, guaranteeing
a constant concentration of Pd ions at the substrate-solution interface. EDS
analysis do not detect the presence of Pd in sample #3. For this reason, in
Table 4.4 the K-ratio and the thickness values are 0.

OM was used to verify the absence or presence of discontinuities and defects
due to an uncomplete coverage of the copper substrate. Samples #6, #8 and,
#10 were observed by optical microscopy. These three samples were selected
because they were the best results obtained from each deposition solution (A,
B and C) in terms of macroscopical homogeneity and palladium thickness
measured by K-ratio method. OM images of sample #6, #8 and #10 are
reported in Figure 4.4.
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Figure 4.4 - Optical microscopy images of samples (a) #06; (b) #8 and (c) #10 after
palladium displacement deposition.

Comparing the three different samples from optical microscopy point of view,
the surfaces resulted sufficiently homogeneous and compact as could be
thought observing the samples with the naked eye. The presence of small
bumps and scratches was attributed to the imperfections present on the
copper substrate and not to the palladium deposition. Sample #6 represents
the best result obtained using the PDP bath B, described by Johnson [176]; in
the present work were used the same composition and the best conditions
discovered by Johnson during his work (25°C, 250 mL/L HCI 32% = 216
mL/L HCI 37%, Pd 5 g/L) except for the deposition time, which was 12
minutes for Johnson and 90 seconds in the present work. Using its working
conditions Johnson declared to obtain shiny Pd films of 70 pin (1.778 pm)
without exfoliations (average deposition rate = 148 nm/min). In the present
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work I obtained a Pd deposit of 22.2 nm in 90 seconds (average deposition
rate = 14.8 nm/min). The discrepancy between the two deposition rates could
be explained considering the autocatalytic effect that Pd film has towards its
deposition that could change the rates during the early minutes of deposition.
Sample #8 was the best result in terms of surface defects obtained from the
PDP solution A, developed by Djokic [171], though it cannot be compared
with the results obtained by this author because he used the PDP bath only
as a surface pre-treatment without paying attention on results derived from
the displacement plating and the thickness of the film formed.

Sample #10 obtained from the PDP solution C, used by Pearlstein ad
Weightman [172] represented the sample with the minor amount of palladium
deposited beside the three best samples selected in the present work due to
the low concentration of metal precursor in solution. Pearlstein used this PDP
solution as a pre-treatment of the metal substrate without studying this
treatment in dept. As in the case of Djokic work a comparison with the results
obtained in the present work is not possible.

Sample #12, although showing a much higher palladium thickness than
sample #6 (both obtained from deposition solution B), after 7 days showed a
wide exfoliation of palladium film which was addressed to the poor adhesion
of the film ascribed to the excess of residual internal stress [203]. During their
formation, thin films can develop large intrinsic stresses [204,205]. These
stresses can have a magnitude which exceeds that of the same bulk material.
The residual internal stresses developed by thin films relax forming blisters or
exfoliations (as in the case of PDP sample #12, Figure 4.5) in different time
scales which goes from hours to days. For this reason, were selected 7 days as
an acceptable time scale to monitoring the eventual relaxation of stresses

developed by Pd films during deposition.
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Figure 4.5 - Exfoliation occurred on sample #12 observed by SEM in backscattered
electrons mode.

4.2.2.2 Palladium chemical plating characterization

To obtain an adherent deposited layer, is not sufficient that the copper
substrate to be cleaned but it should also be not damaged by the PCP. The
same PDP procedures followed for samples #06, #8 and #10, were applied as
pre-deposition for PCP (obtaining the samples #6C, #8C and #10C
respectively) to evaluate which one was the most protective one towards Cu
base material, since copper is severely attacked by the high concentration of
ammonia present in PCP solution. Beside that the effectiveness of PCP is
valuable for application in which deposits in the micron range are requested.
Each PDP pre-deposition were carried out immediately before PCP. The PCP
depositions were performed without stirring, at a temperature of 55°C and for
a duration of 60 minutes. In Figure 4.6 it is possible to observe the samples 7
days after the deposition. The copper substrate, which was not covered with

a protective PDP, despite the facts that it was not immersed in the solution,
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was strongly corroded by the ammonia vapours. In the bottom part of the
samples, where the pre-deposition was carried out, a homogeneous and shiny
palladium deposit is visible. After one week, sample #6C underwent to a
strong exfoliation, while the other two samples appeared intact to the naked
eye. As can be seen from Figure 4.6, PCP sample #6C showed the copper
substrate under the palladium exfoliation. The hypothesis on the failure of this
sample regarded the poor stability of the PDP pre-deposition performed on
this sample. As already observed for PDP sample #12, the relaxation of
residual internal stresses developed by Pd thin film on copper was the origin
of the detachment of the PDP+PCP palladium coating on sample #6C,
occurred in a time range longer than the 7 days during which the PDP pre-

deposition were monitored.

Figure 4.6 - Palladium chemical plating samples after 7 days of aging. Sample number is
reported on the uncoated part of each sample (from left to right sample #6C, #8C, #10C).

The deposits obtained were analysed by XRF [101,200], the total palladium
film thicknesses obtained summing PDP+PCP processes are shown in Table
4.5. The average values and the standard deviations were the result of three

measurements carried out in different spots randomly chosen.
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Sample Average thickness (um) Std. Dev. (£ pm)
#6C 1.59 0.16
#8C 1.69 0.18
#10C 1.78 0.06

Table 4.5 - XRF thickness determination of palladium coatings. In the second column are
reported the thicknesses of the palladium coatings derived from PDP+PCP procedure.

In Figure 4.7 it is possible to appreciate the deposits analysed under OM, 7
days later the deposition processes. The deposit #10C was the most
homogeneous, free of defects and even the thickest, while sample #6C
presented extended exfoliations which brought to light the characteristic

colour of the copper substrate and sample #8 showed cracks.

Figure 4.7 - In figure are reported OM images of sample (a) #6C; (b) #8C and (c) #10C.
For samples #6C and #8C can be observed the presence of cracks (e.g., the features
highlighted by the red circles) while for sample #10C the surface results smooth and free of
defects.
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Sample #10C, obtained by the combined process of PDP + PCP applying the
PDP and PCP solutions already exploited by Pearlstein and Weightman [172]
showed the best results in terms of Pd film adhesion, homogeneity and
absence of surface defects (cracks, blisters or exfoliations). In Pearlstein and
Weightman work, the authors stated a deposition rate of over 2.5 pm/hr for
the PCP on copper. In the present work applying the same conditions of the
afore mentioned work, I obtained a growth of 1.78 um of Pd in 1 hour. The
discrepancy between the two values can be due to two main factors. In the
Pearlstein’s work the PDP pre-treatment is longer and is anticipated by
another pre-treatment based on a tin electroless bath, which alters the catalytic
activity of the surface on the oxidation of hypophosphite in the PCP bath.
Second, the thickness determination method used in the present work for the
PDP+PCP samples (X-Ray Spectroscopy) is more accurate than the
gravimetric method applied by Peatlstein and co-worker being and indirect

gravimetric determination.

4.2.3 Final remarks and outlooks

In conclusion, two different but combinable type of electroless deposition
techniques were tested to obtain palladium films without cracks, exfoliations,
or blisters on copper substrate. Applying palladium displacement deposition,
I obtained some very thin metal films with equivalent thickness ranging from
6.1 to 22.2 nm measured with SEM-EDS K-ratio method. Moreover, the
possibility to plate only the metallic surface of the substrate, which is the main
feature of electroless plating based on galvanic displacement represent an
interesting option in fuel cell electrodes fabrication with novel geometries in

which palladium surface contours must be finely tuned.
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Palladium films obtained by displacement plating on copper were used as
protective undercoat to perform palladium chemical plating from an
ammonia-based bath which otherwise could not be applied due the corrosive
behaviour of ammonia for copper substrates. A high-quality palladium film
with thickness of 1.78 um (sample #10C) was obtained applying the combined
procedure I studied using the Pearlstein and Weightman pre-deposition
(solution C). This result is proof of the integrity of palladium coat obtained
by displacement plating and represents a valuable alternative for applications
where thick palladium films on copper are requested. The combination of
PDP+PCP studied in the present part of my Ph.D. thesis could represent a
valuable alternative to the palladium electroplating in jewellery and luxury
goods industries where this metal is widespread as intermediate layer or
topcoat. Palladium electroless plating is a valid alternative to electroplating
thanks to the lower investment required for industrial plants and the electricity
savings required for the process.

Future developments will regard the refine of the control of Pd thickness both
in single and in combined techniques mode. Moreover, the Pd film needs to
be characterized more in deep from the mechanical and compositional point

of view based of specific areas of application to which it will be destined.
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5 Conclusions

The first part of the PA.D. thesis regarded the development of a cyanide-free
bronze plating bath based on methanesulfonic acid as the electrolyte, which is
considered environmental-friendly. Bronze plating baths developed were
studied applying cyclic voltammetry to state the effect of the organic additive
selected and to select the adequate deposition potentials to obtain a copper-
tin alloy with a controlled ratio of the two metals. The aging of the six different
deposition solutions produced was tested to select the most stable. The two
most stable formulations were selected to produce bronze coatings using
potentiostatic and galvanostatic deposition techniques. The morphology and
the composition of the films were studied both in plan-view and in cross-
section exploiting SEM-EDS. Moreover, the crystal structure of the films was
studied by XRD. Utilizing the solution with a Cu:Sn molar ratio of 1:1 and a
deposition potential of -0.55 V, EDS and XRD data confirmed the formation
of a 1’ single-phase bronze with a Cu:Sn composition = 2:1. Moreover, the
SEM cross-section analyses showed a relatively uniform composition of this
film. The elemental composition and the crystal structure of the films with
deposition conditions of samples S4B made this electrodeposition approach
a promising candidate for the synthesis of kesterite compounds which
represent the final goal of this research.

A copper plating bath was derived from the bronze plating one, to study the
effect of a brightening agent on the nucleation and growth mechanism of the
metal film on the way to tailor the copper film structure. I explored the
possibility to understand if an organic additive could have a relevant effect on
the morphology of an electrodeposited film (e.g., brightener, leveler,
suppressor, etc.) exploiting an “a priori” kinetic study instead of only

morphological analysis on the metal coating. Exploiting cyclic voltammetry to
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study the effect of thiourea at three different concentrations (30, 60, 90 ppm)
on the electrochemical behavior of copper ions in solution, three different
copper deposition potentials were selected. Applying the different deposition
potentials chronoamperometric studies were exploited to state if the copper
film formation mechanism followed instantaneous or progressive nucleation
and growth, varying the concentration of organic additive and deposition
conditions. To analyze chronoamperometric data the Scharifker-Hills
theoretical model was applied. Moreover, electrodeposited copper films were
produced to compare kinetic data with real samples characterization. I found
that increasing thiourea concentration the film formation mechanism
approached the progressive one. The samples characterization reported that a
good agreement between kinetic data and copper film characteristics was
found up to 60 ppm of thiourea added. The highest organic additive
concentration (90 ppm) resulted in an uncontrolled copper growth due to
parasitic adsorption reactions of thiourea, not detectable by the kinetic study.
I verified that kinetic analysis on the nucleation and growth path of a metal
film could be a valuable way to discriminate the effect of an organic additive
on the formation of metal coatings, and that thiourea resulted a valuable
compound to control copper ions reduction on the way to improve the
structure of bronze films and thus finally to obtain kesterite compounds.

The second part of the Ph.D. thesis regarded the study of new electrochemical
pathways to develop catalytic surfaces based on both non-PGM and PGM.
As non-PGM catalysts, was studied the enrichment with cobalt and copper of
raw chars derived from the microwave-assisted pyrolysis of waste tyres. Two
distinct enrichment paths were tested: sonochemical deposition of cobalt and
copper, and electrochemical deposition of cobalt. Various samples were
produced applying different deposition conditions. Each sample was studied

from the electrocatalytic activity for ORR point of view. The enrichment
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process based on the electrodeposition of cobalt resulted the best one, being
able to produce catalytic chars with an oxygen conversion to water up to 99%
and very good stability over work cycles.

As PGM potential catalytic surface were studied electroless deposited
palladium thin films on copper. Palladium films were produced applying to
distinct electroless deposition techniques: displacement plating and chemical
plating. The first one, being a self-limited reaction allowed to obtain palladium
coatings in nanometers range whose thickness were studied exploiting the K-
ratio method, based on the EDS signals detected during SEM-EDS analysis.
Along this process, I obtained continuous palladium layers, free of defects, in
the range from 6 to 20 nm. Nanometered palladium films obtained by
displacement plating were also used as pre-treatment coatings to test a
chemical plating bath. The palladium chemical plating bath studied was not
suitable for the direct deposition on copper due to the presence of ammonia
which could damage the substrate. Pre-treated samples were plated using the
chemical plating bath obtaining a palladium coating without surface defects
and thickness over 1.5 pm. This combined process could also be a sustainable

alternative to electrodeposited palladium for the fashion industry.
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