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Preface

Preface

The present thesis work is mainly focused principally on the analysis of
new electrocatalysts in the oxygen reduction reaction (ORR) in an alkaline
environment, for a future use in fuel cells and in electricity storage systems.
We work also in the fields of electrodeposition and surface analysis.
Different materials and modified surfaces with a low environmental impact
have been studied. Specifically, the catalytic efficiency of carbons obtained
from microwave oven-mediated pyrolysis of end-of-life tires and
functionalized carbonaceous nanotubes with organic-Pd complexes (Single
ion site) was evaluated. The study of the catalysts was carried out with
electroanalytical techniques such as cyclic voltammetry (CV), Rotating
Disk Electrode (RDE) and Rotating Ring and Disc Electrode (RRDE).
Through a punctual and focused characterization with different
investigation techniques, such as: SEM / TEM, XRF, XRD, u-
Tomography, XPS besides the use of BET, it was possible to determine
which chemical-physical contributions are responsible for the excellent
electrocatalytic performance of the samples object of study in half-cell
conditions. The samples under study, that showed the best performance in
half cells, were tested as cathodes in a fuel cell, obtaining comforting power
values. In the last part of the thesis further on-line publications are reported
with the research project “Electrochemical study, design and realization of

modified substrates of energy interested in environmental impacts”
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1 Introduction

1 Introduction

This doctoral thesis focuses on studies of potentially cheap materials in
electrocatalysis energy applications. What is “energy”? Nowadays energy
is life. Indeed, in most developed countries every aspect of human life is
strongly connected on energy and its availability. The global economic
development and changes in the life’s style and the increase of the world’s
population in the last two hundred years has been ascribed to the increasing
of fossil energy resources as coal, natural gases and oil and their
transformation. In particular, the change of oil into liquid fuel with a high
energy density easily be transport and store represented a wonderful energy
vector. At the first observation, there are not any problems. But along the
time several questions rose up, the energy fossil sources will be there
forever? What will happen when petroleum finish? Geo-politic dynamics
can be change? Starting from the half of last century, scientist community
focused their studies to understand the limited fossil energy resource
problems. In 1962 Marion King Hubbert [1] proposed a “bell shaped”
graphic for the production of crude oil in the United States. The symmetric
curve in Hubbert’s graph (Fig. 1.1) shows clearly a peak. Hubbert's peak or
Hubbert's curve is a model that approximates the production rate of a
resource over a period of time. In particular, the Hubbert peak refers to the
point at which both the production rate and the demand for resources are at
maximum, after which it predicts a decline. During this drop, there may be
dramatic differences in production and demand as demand continues to
increase but production drops overall. Hubbert predicted that crude oil
production would peak in the 1970s and then drop drastically over the
successive years. On the graph itself, the total area under the curve is the

total amount of oil extracted up to a given point in time. Given the
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symmetric prediction of the peak, it would mean that around 1970 half of
the US oil reserves has been used up. However, there were later unforeseen
changes in the production of oil in the US. Mainly, the production of oil
from Alaska and advancements in technologies that allowed oil to be
extracted from unconventional resources led to what appears to be another
peak after the first. Although this growth does exist, the theory of peak oil
says that there will be an ultimate peak in oil production when half of the
oil reserves remain. The prediction itself was determined by explaining that
there is only a finite amount of oil that exists - known as the ultimate
recoverable resource and explained that increasing rates of depletion would
result in an eventual peak in the amount that could actually be produced as
the resources begin to dwindle. Essentially, this ultimate recoverable
resource represents the entirety of a McKelvey box, including all
undiscovered resources as well as reserves known to exist [2]. Although
the shape of the trend is predicted to be a curve, there are a wide number of
external factors that may cause the trends to deviate from this model
slightly. The idea of peak oil has helped light a the price of petroleum, but
now, another peak theory has emerged, this time involving minerals,

precious metals gold in particular.
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Fig. 1.1 Hubbert’s peak of oil: past production and future prevision.
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In fact, many analysts of minerals aminers are taking a cue from the
assertions from the Bubber’s theory, and then begins an inexorable decline
accompanied by significantly higher prices. According to them the same
concept may been applied equally well to the ingots, as well as to the oil,
and can lead to outsized investment returns from the purchase of the
minerals, especially precious metals. In this context, for example the
golden peak (Fig. b) claim that mining has a discrete number of similarities
with oil extraction. Moreover, Hubber’s behavior could be extend to some
biological resources as for example Caspian caviar in the eighteenth
century [3]. Fossil energy or biological resources and minerals and other
material systems that the production rate is much faster than regeneration,
showing a Hubber’s behavior, give us need introduce a new concept of
resources: renewable resources. In this case the regenerate the rate of

resources is larger than their consumption.
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Fig 1.2 Hubbert’s peak of gold
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1.1 Concept EROEI

As previously mentioned, much of the energy production is currently
derived from fossil fuels [4]. The immoderate use of this type of non-
renewable 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 [5] for each energy source (Fig
1.3). The EROEI makes it possible to determine whether the latter is
capable of satisfying the sometimes unbridled needs of an industrialized

society (for which an EROEI of between 5 and 9 is required) [6].
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Fig. 1.3 EROEI calculated for the main fossil fuel.

Comparing the values of the EROEI calculated for energy production from
fossil fuels and some renewable energy sources (fig. 1.4), we note that in

many cases the former show greater efficiency: this is due to the fact that
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the constant use of the crude led to more investment in research applied to
fossil fuels. As a result, there has been greater technological progress in
addition to the development of increasingly effective processing methods,
resulting in a high EROEI value. The same cannot be said for alternative

systems such as photovoltaic (EROEI = 6) and nuclear (EROEI = 5) [3].

Fig. 1.4 EROEI calculated for the production of energy from renewable

sources [3]

The gradual reduction of fossil fuels, together with the considerable
environmental impact caused by their use [7], led to find alternative
sustainable systems for energy production. In this regard, an example could
be the work done by the EERE office (Energy Efficiency and Renewable
Energy) of the US Department of Energy. The EERE aims to guide the
transition to clean and safe energy sources by promoting the use of
electricity from renewable resources by lowering its costs or even
encouraging the development of environmentally friendly technologies. An
example is the use of fuel cells for powering electric vehicles for city

transport [8].
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1.2 Purpose of the Research Project

Oxygen is a paramagnetic substance present in nature in the elementary
state as a diatomic molecule, O>. Oxygen has a biological origin, through
photosynthesis (both from photosynthetic ~microorganisms and
subsequently from green plants). It is one of the most abundant elements:
it forms inorganic compounds (oxides) with most of the elements and in
diatomic form it is present both in the atmosphere and in the hydrosphere
of our planet.

Oxygen was been obtained in the laboratory in 1774 by chemists Carl
Wilhelm Scheele and J. Priestsley for heating some oxides such as
manganese dioxide (MnOz) and HgO mercuric oxide. Subsequently the
chemist Antoine-Laurent Lavoiser showed that oxygen was a constituent
of the air and called it "prince oxygine". The term oxygen coined by
Lavoiser derives from the Greek and means sour, or rather "acid" in fact it
was mistakenly believed that this substance was responsible for the acidity.
The oxygen reduction reaction (ORR Oxygen Reduction Reaction) is one
of the most studied reactions and on which the attention of various research
groups is focused, both in the biochemical field as it is involved in the
processes of oxidative cellular respiration that in the ambit of energy where
there is the interest of exploiting it as a renewable energy source within fuel
cells (fuels cells). 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, are the main limiting factor for these devices.

Replacing the PEM with an alkaline anion exchange polymeric electrolyte
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(AEM) is one way to overcome these problems. H»/O> fed anion exchange
membrane fuel cells (AEM-FCs) are the most attractive alternative to
traditional PEMFCs. In fact, the alkaline environment is less corrosive for
FC components and allows in principle the 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, due to the high cost of this metal and to the high Pt loading necessary
to speed up the sluggish ORR reaction in H2/O2 PEMFCs. Another limiting
factor of platinum based catalysts is the CO poisoning effect.
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, even non noble based
electrocatalysts, 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. In this regard the potential cathode
electrocatalyst object of this research project, above described and studied
in half cell, was tested in complete fuel cell.

At the applied electrochemical laboratories of the University of Florence
where I carried out this thesis work, potential catalysts based on pyrolysed
carbon were studied starting from waste materials such as tires. A further
type of recently synthesized catalyst consists of carbon nanotubes

functionalized with organic complexes of some metals including
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palladium. To evaluate the catalytic activity of potential catalysts for the
ORR we refer to specific parameters of the reaction such as:

* onset potential (Eon)

» mid-wave potential E /2

» number of electrons exchanged in the electrochemical process n

The study of the oxygen reduction reaction carried out in an alkaline
environment was carried out using electrochemical techniques, in this case
cyclic voltammeters (CV) and hydrodynamic techniques RDE (Rotating
Disc Electrode) and RRDE (Rotating Ring-Disc Electrode) performing

linear voltammeters various rotation speeds of the electrode.
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2. Electrochemical technologies

H> fuel: a possible solution? In general, an electrochemical cell allows the
conversion of chemical energy into electrical energy and vice versa.
Electrochemical cells can be classified according to the type of conversion
they operate. A galvanic cell (pile or fuel cell) operates by converting
chemical energy into electrical energy while electrolyte cells convert
energy to electrical energy into chemical energy. In common language the
terminology used for devices in which the energy of chemical reactions is
converted directly into electricity is mistakenly replaced with that used for
devices that serve to store electricity. Accumulators or batteries are devices
that can operate both conversions. Reality, the term battery should be more
correctly referred to an assembly (in series or, more rarely, in parallel) of
more batteries, i.e. a battery of cells. A first classification between batteries
and accumulators can be made based on whether they can be rechargeable
or non-rechargeable. Respectively, the terminology used distinguishes
primary  batteries (non-rechargeable) and secondary batteries
(rechargeable). Both because of the importance they are increasingly taking
on and because of their peculiarity, Fuel cells then form a separate chapter.
Fuel cell, from an electrochemical point of view, falls within the
classification of primary batteries with the difference that while the latter
constitute a "closed" electrochemical system that once exhausted is no
longer usable, the fuel cell is an "open" electrochemical system able to
exchange material with the environment. Fuel cells are electrochemical
devices and represents an attractive technology as energy vector. This
system is able of converting the chemical energy of a fuel (usually
hydrogen) directly into electrical energy, without intermediate intervention

of the Carnot cycle and consequently allow higher conversion yields than

13
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those of the machines conventional thermals. Since fuel cells generate
electricity through a chemical process, they are not subjected to the Carnot
Limit, so they can extract more energy from fuel (40-70% efficiency) than
traditional internal combustion engines (30% efficiency). If fed with H2,
no CO2 is emitted by fuel cells. In addition a fuel cell can be recharge
quickly with an amount of fresh fuel giving the same performances, while
a common battery (lithium battery, e.i.) stops working when it reaches the

chemical equilibrium of the redox reaction.

2.1 Fuel Cell

In the search for new energy sources it is important that these respect
certain standards of efficiency and eco-compatibility so as to constitute a
valid alternative to fossil fuels without constituting a risk for the ecosystem
[1]. Among the numerous and valid candidates (such as wind, water, solar,
etc.) fuel cells have proved to be a particularly promising option thanks to
the large number of possible applications, particularly in the transport field.
Fuel cells (or fuel cells) are devices capable of directly converting the
chemical energy deriving from the oxidation of a given fuel into electrical
energy, avoiding thermal processes. This particular type of pile was
developed and described in 1839 by the Welsh chemist Sir William Robert
Grove in a letter published in "The London and Edinburgh Philosophical

Magazine and Journal of Science" (Fig. 2.1)

14



2 Electrochemical technologies

Fig.2.1 Fuel cell scheme proposed by W. R. Grove [2]

The cell described therein consisted of a series of sheets of copper, iron
and porcelain plates immersed in a solution of copper sulfate and dilute
sulfuric acid [2]. In a second scheme, published in 1842, Grove instead
presented a setup in which materials very similar to those currently used
for the creation of phosphoric acid fuel cells are used today [3].

Despite being the oldest chemical energy conversion technology known to
man, there has not been a serious commitment to the development and use
of fuel cells before the twentieth century. Only recently, in fact, 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 [4]:

15
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1
HZ + _02 s H20

2

Y]

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 [S]. A short overview of the main fuel cells types

is reported in table 2.1.

Polymer Elecrtolyte

Phosphoric Acid Alkaline Fuel Cells Molten Carbonate Fuel Solid Oxide Fuel
Membrane Fuel
Fuel Cells (PAFCs) (AFCs) Cells (MCFCs) Cells (SOFCs)
Cells (PEMFCs)
proton exchange Li2CO3 or Na2CO3 or
Electrolyte H3PO4 adsorbed on a concentrated KOH Zr and Y oxides based
Ly membrane K2CO3 on ceramic
™ SiC matrix solution ceramics
(Nafion ) matrix
+ + - 2- 2-
Tons exchanged H H OH CO3 o]
Rocing 25-100°C 160-220°C 60-220°C 600-650°C 1000°C
___temperature
hydrogen, alcohols,
Fuel hydrogen, short chain hydrogen, short chain hydrogen,
e short chain hydrogen
hydrocarbons hydrocarbons hydrocarbons
hydrocarbons
platinum based, platinum based, platinum platinum based,
Catalysts platinum based platinum based
platinum free free platinum free
household,
Applications stationary high power automotive, aerospace stationary high power stationary high power

automotive, portable

power supply

density supply

industry

density supply

density supply

Table 2.1 Fuel cells classification by working temperature, application

and electrolyte..

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" + 2~

2)

16
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Simultaneously with the cathode the electrons react with oxygen. The
comburent is reduced to O* (Eq. 3) which combines with the H* products

at the anode forming water (Eq. 4).

0, +4e~ - 20% 3)
02~ + 2H* - H,0 4)

The electricity generated by the cell depends on the free energy of the
reaction. The latter is in turn linked to the potential difference at

equilibrium between the two electrodes according to the relation:

AG® = —nFAE®° 5)

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

constant and AE is the equilibrium potential defined as:

AEO = Eocathode - Egnode (6)

The experimentally measured potential actually is far from the
thermodynamic equilibrium potential due to overvoltage phenomena (1)
due to the passage of current and other effects that cause potential falls,
such as the poor mass transport observed in some real systems [4] .

A generic reaction that can occur on the electrode (cathode), O + n'SS R,
can be decomposed in a series of elementary steps. In order for the
electroactive species to take place, O, it must spread from the massive

phase of the solution to the surface of the electrode, be absorbed on it and

17
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here undergoes a reduction; the product obtained, R, must be desorbed and
diffused in the mass phase of the solution (Fig. 2.1).

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
determination 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 [6]:

e Opvervoltage deriving from mass transfer (nMT)

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

as adsorption and desorption.

Electrode surface region Bulk solution
Electrode !
|
Chemical | Mass
reactions | transfer

SN O T 0 (RS O
p 5
O'ags “5es® i

ne =1 | | Electron
“1'— transfer

O

% Chemical
4‘7s°,b reactions

> |
lon~ R Ryut =<3 Rouik
v

Rlags

Fig. 2.1 Processes that constitute a generic reaction to the electrode [6]
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Being heterogeneous reactions, the actual voltage is expressed as a function

of the current density, j, and is defined as:

AE(j) = Ec(j) - Ea(i)
= AEO - [lna(j)l + |7]c(])| + Rej]

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

in potential, while na (j) and nc (j) are the overvoltage potentials defined as

[4]:

aU) = Eq(j) — Egq )= E(
Na() () — Ey, and n:() (])E (:9)
- Eo,c

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, &*“™, defined as:

W _. T
(-AH) T

termic _
Er =

(10)

In which Wr is the reversible work, -AH the variation of enthalpy of the
reaction and T1 and T2 the absolute temperatures for the process carried
out by the thermal machine.

While Carnot's efficiency often does not exceed 50% [7], fuel cells, in
theory, would be able to convert all the energy provided by the reaction.

For a cell the efficiency is calculated as:

19
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We _ 4 ras 11
~ (=AH) AH (D

grcell —

In which We is the electric work and AS the variation of entropy. In the
case of positive AS it is also possible to obtain a yield greater than 1 due to
the production of electrical energy from the heat coming from the infinite
thermal tank [8].

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):

AE _  [ImaDI+ Inc(DI + Rej]
&y = A_Eo_l_ AE, (12)

Another negative contribution to efficiency is given by faradic efficiency,
¢r, defined as:
gF _ Iexp _ neXp -F-vi _ Tlexp (13)

Imax Nnax " F - v Nmax

As can be deduced from the equation just described, the faradic efficiency
takes into account possible phenomena of heterogeneous catalysis and
parallel reactions that decrease the number of electrons exchanged causing
a lowering of the produced current.

In summary, the efficiency of a fuel cell, &, can be calculated by

combining the contributions just shown:

— ccella , £

Efc = & v & " &g U (14)

20
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The last two terms in the equation are respectively the heat yield, en, and
the fuel utilization percentage, U [4].

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", so as to have access to any power (Fig.2.2).

Fig. 2.2 Stack of FCs

2.2 Reactions and Catalysis

2.2.1 Hydrogen oxidation

The reactions that take place in the fuel cell described in the previous
paragraph involve the oxidation of the hydrogen to the anode (Eq. 2) and
the reduction of the oxygen at the cathode (Eq. 3). 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. Platinum is generally used for this reaction although more
economical solutions are being sought to effectively conduct it.

If a platinum-based catalyst is used, the hydrogen oxidation mechanism

consists of a gas adsorption stage on the metal, which causes its

21
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dissociation (Eq. 15), followed by the electrochemical reaction that

generates 2H* and two electrons (Eq. 16) [9].

2Pty + Hy > (Pt — Hggs) + (Pt — Hygs) (15)
(Pt _Hads) - Ht+ e + Pt(s) (16)

Overall we get:

H, > 2H* + 2e~ (17)

for which E°=0V.

The problem in this case concerns the storage of pure hydrogen which is
particularly complex. Alternative fuels such as natural gas and alcohols are
used to contain costs. The latter can be reformed to hydrogen, albeit with
the risk of blocking the active sites of the catalyst due to carbon monoxide
poisoning, present in the gas as an impurity [4].

Because of this drawback, the development of catalysts in Pt alloys has
been proposed, able to increase the catalytic activity with respect to the

oxidation of hydrogen [10,11].

2.2.2 Oxygen Reduction Reaction

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:

22
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0, + 2e~ +2H* -» H,0, (18)
H,0, + 2e~ +2H' - 2H,0 (19)

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

four electrons [12].

0, + 4e” + 4H' - 2H,0 (20)

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 probable damage to the
system [13]. In any case, both mechanisms depend on a number of
adsorption and oxygen dissociation steps, specific for each type of catalyst
used [4].

The following are the reaction mechanisms proposed for the catalysts more
akin to the work presented in this thesis, namely carbon-based and

platinum-based catalysts.

2.2.3 Oxygen Reduction at Carbon Electrodes

The following reaction mechanism has been proposed on glassy carbon

electrodes [14]:

02 = Oz2(aas) 1)

03 (aas) + € = [0 (aas)] (22)

02 @as)] = 0z (aas) (23)

03 (aas) T H20 S HO; (qq5) + OH™ (24)
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HOZ (ads) te - OHZ_(ads) (25)
HOZ_(ads) - HOZ_ (26)

According to this mechanism oxygen, adsorbed on glassy carbon (Eq. 21),
is reduced to superoxide ion adsorbed on an inert graphite site (Eq. 22).
The migration of the ion to an active site (Eq. 23) allows the formation of
the hydroperoxide radical (Eq. 24); the latter is finally reduced to
hydroperoxide ion and desorbed (Eq. 25-26). The step that determines the
reaction rate is pH dependent and it has been determined that at pH> 10 the
decisive step is the migration of the superoxide ion (Eq. 23), while at pH
<10 the speed depends on the reduction of oxygen ( Eq. 22) [14].

The following mechanism has been proposed on pyrolytic graphite

electrodes:

02 - 02 (ads) (21)
02 (ads) te - Oz_(ads) (27)
203 (aasy + H,0 = 0, + HO; + OH~ (28)

The step determining the reaction rate is the reduction of oxygen to
superoxide ion (Eq. 27) [9].

In both cases the reduction of oxygen takes place through the passage of
two electrons with the formation of hydrogen peroxide. This was
determined by examining the voltammetric waves recorded in the alkaline
environment for the ORR by performing (Fig. 2.3), on a rotating disk and
ring electrode (with graphite disk and ring in Pt maintained at 0 V vs. SCE),
various scans in the potential range from O to -1.1 V (vs. SCE) at the

scanning speed of 5 mV /s [15].
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The voltammetric profile has two distinct regions, 1 and 2, respectively

referable to the formation of H>O» and H>O.
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Fig.2.3 Voltammetric waves obtained at a scanning speed of SmV /s in a
1 M solution of NaOH, saturated with O, using a RRDE with a glassy
carbon disc (a). Below is the response of the platinum ring maintained at

0V (vs SCE) (b) [15]

The following scheme (Fig. 2.4) summarizes the different oxygen

reduction pathways on platinum electrode [16]:

...................................

Fig. 2.4 Scheme for the oxygen reduction reaction [16]
It shows (as previously mentioned) that once adsorbed, oxygen can be
reduced to water by direct reduction by exchanging four electrons or
undergoing a reduction to adsorbed hydrogen peroxide which can then

undergo various processes:
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* Desorption from the surface of the catalyst;

* Decomposition to oxygen;

* Further reduction to H20.

Measurements carried out with rotating disk and ring electrodes (RRDE)
have shown that the reduction of oxygen on platinum occurs preferably

with the transfer of four electrons and the formation of water [9].

2.2.4 Oxygen Reduction on Platinum Electrodes

As regards the reduction on platinum, two reaction mechanisms have been
proposed, dissociative and associative, referring respectively to low and
high current density ranges.

In the dissociative mechanism the reduction of oxygen occurs without the
production of H>Ox: the adsorption on platinum causes the breakage of the
O-O bond leading to the formation of atomic oxygen immobilized on the
catalyst (Eq. 29); this undergoes two consecutive reductions that produce

H>O by reforming the catalyst (Eq. 30-31).

0, +Pt—2Pt-0 (29)
2Pt---0+ 2H* + 2e~ - 2Pt---OH (30)
2Pt---OH + 2H* + 2e~ - H,0 + Pt 31

The fundamental step that prevents the formation of intermediates, such as
hydrogen peroxide, is the rupture, during adsorption, of the oxygen-oxygen
bond, so this can be considered a direct mechanism with four electrons [17].
It has been observed that as the overpotential increases, 1, the associative

mechanism becomes the preferential one [18]:
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0, + Pt - Pt--0, (32)

Pt--0, + H* + e~ - Pt---HO, (33)
Pt---HO, + H*+ e~ -» H,0 +Pt---0 (34)
Pt---O+ H*+ e~ - Pt---OH (35)
Pt---OH+ H*+e~ - H,0+ Pt (36)

This mechanism can be considered a re-elaboration of the scheme
previously seen since, having the adsorption of O; on platinum (Eq. 32),
there is the possibility that the breakage of the O-O bond does not occur
(Eq. 34). This would cause the formation of hydrogen peroxide, which, as
we have seen, can be further reduced to water, or desorbed becoming the
final product.

In general, the adsorption of oxygen on platinum is dependent on the
overpotential: at high values the adsorbed oxygen is extremely stable and
even prevents electronic exchange; the reduction of the overpotential
causes the worsening of oxygen stability, allowing the reaction to progress
[18].

This phenomenon explains the high overpotentials typical of platinum
electrodes that, as explained in paragraph 2.1, influence the efficiency of
the cell. Moreover, the use of platinum catalysts implies a considerable
increase in the cost of producing the fuel cells and therefore the need to
find a less precious metal that is able to catalyze the reaction by reducing

production costs.
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2.2.5 Oxygen Reduction at Non-Precious Metals

As in most cases, the study and development of catalysts based on non-
precious metals was initiated by the observation of a naturally occurring
compound capable of catalyzing the reduction of oxygen, or cytochrome.
It is an enzyme whose active site consists of an iron ion bound to four
nitrogen atoms [19]. In 1964 Jasinski, studying the catalytic activity of
cobalt phthalocyanine [20], discovered that catalysis also takes place for
simple molecules in which the Me-N4 group is present: this discovery has
opened way to numerous researches, still active, on use of macrocycles as
catalysts [21-28].

A few years later catalysts were developed that did not include the use of
macrocycles [29]: over time the synthesis method was improved by
obtaining the electrocatalysts from carbon precursors, nitrogen (NH3) and
metal salts by heat treatment at 500-1000 ° C [30]. In this case the presence
of the metal ion has a dual catalytic action: it increases the speed of catalyst
formation [31-33] and also improves the activity even for extremely low
amounts of iron and cobalt (0.02 wt%) [34].

Another approach adopted to reduce the production costs of fuel cells
consists in minimizing the amount of platinum used for the formation of
alloys with less noble metals: an example is the catalyst in Pt-Fe alloy
supported on carbon (Pt-Fe / C) developed by Li and collaborators [35]. In
this study several Pt-Fe / C obtained, for example, at high (900 ° C) or
moderate (300 ° C) temperatures were compared: it was observed that Pt-
Fe / C prepared at 300 ° C showed the greater surface area electrocatalytic
and the best ORR activity, measured using it as a cathode in direct methanol

cells.
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Given the importance of the metal center influencing the increase in ORR
activity, the catalytic properties of different metals were calculated using
the density differential theory (DFT) and compared with experimental data.
results were presented in two graphs that show the activity of oxygen
reduction against the metal-oxygen (Fig. 2.4) and metal-hydroxy binding
energy (Fig.2.5).

0.0

Activity

AEQ (eV)
Fig. 2.5 Trend of the catalytic activity of various metals as a function of

the strength of the metal-oxygen bond [18]
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Activity
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Fig. 2.6 Trend of the catalytic activity of various metals as a function of

the strength of the metal-hydroxyl bond [18]

These figures show the increase or decrease in the strength of the bond with
oxygen, compared to the value of platinum, causes a worsening of the
catalytic activity due to various effects. Nickel for example, to the
equilibrium potential, has a bond with O and OH strong enough to prevent
proton transfer; on the contrary gold has a very rapid proton transfer but a
very bad oxygen absorption [18]. The results obtained here are in
agreement with the Sabatier principle which states that the catalytic activity
for a given reaction follows a volcano trend in which there is maximum
efficiency for a degree of intermediate bond between catalyst and substrate
[36]. The catalytic properties of different transition metals have also been

investigated on the basis of a new mechanism proposed for the reduction
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of oxygen on platinum in an acid environment, obtained by molecular
dynamics using the ab-initio method [37]. It consists of three elementary
processes that correspond to four values of AG:

e Oxygen adsorption on the active site of the metal surface

O,+M+H*"+e~ > MOOH 4G (37)

e Dissociation of MOOH
MOOH + M - MOH + MO 4G2) (38)

The following processes may occur after reducing the first electron:

e Reduction by one other electrons

0, +2M+ H* +e~ - MOH + MO (4Gs3)  (39)

e Reduction by three other electrons

MOH + MO + 3H* + 3e™ - 2H,0 + 2M (4Gs)  (40)

From the analysis of AG values for 18 metals, obtained with the DFT
method, it was deduced that the metals that favor the formation of the
product MOOH (AG:) also facilitate the breaking of the O-O bond, as they
make the MOH and MO species more stable . However, this negatively
affects the value of AG4 which presents an opposite trend with respect to
AG [33]. Taking platinum as a reference, since it has the greatest catalytic

efficiency, relative AGs have been obtained according to the formula:

AAG, = AG,(M) — AG,(Pt) (41)
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With these data a graph was drawn that shows the abscissa il AG relative
to the adsorption of oxygen on the metal (AAG1) and on the ordinate one

relative to the reduction by the other electrons in the reaction 4 (AAG4 / 3).

5 4 .
Vv AAG /3
[ ] 4 4
m Mn
Cr 3 1
]
Ir 2
A Ru 5] Rer- B 05
co. Ni Rh [ o AAG,
r T T |.'.. C T T -
-2 -1.5 -1 -05 ’ I 0.5 1 mCu 15
5 | - Pd
m Au
-3 1 m2Zn
4 HAg m Cd
C & B

Fig. 2.7 Catalytic activity (relative to Pt) of different metals with respect

to different steps of the reaction mechanism [38]

From this diagram, it is possible to deduce how a given metal will affect
the oxygen reduction reaction and how effective it will be compared to a
platinum-based catalyst. By making the prediction of the relative catalytic
activity of metals possible, this graph represents an excellent tool for the
design of bimetallic electrocatalysts. An example can be seen in the work
realized by Zafferoni et. [39]: it consists in the development of a bimetallic
catalyst obtained by electrodeposition of silver and cobalt which, acting on
different elementary processes of the oxygen reduction reaction

mechanism, cause a synergistic effect on the ORR activity.
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3. Electrochemical techniques

3.1 Introduction to Voltammeters

Voltammetry includes a group of analytical methods in which information
is obtained by measuring the current as a function of the potential applied
to a polarized working electrode. Polarized electrode means an electrode to
which a voltage greater than that required by the Nerst equation has been
applied in order for an oxidation or reduction reaction to occur. This
electrode is considered ideal if its potential can be modified at will without
undergoing permanent changes and can therefore be considered inert.
Actually, no polarized electrode is ideal for the whole range of applicable
potentials, but some electrodes can be considered as such in wide fields of
use as in the case of noble metals such as platinum and gold. Electrodes of
this type can be used to study the kinetics of reduction or oxidation
processes within the inactivity zone of the material that constitutes the
electrode itself.

The electrode at which the process of interest takes place is called the
working electrode to which the desired potential is applied by varying the
ddp between the latter and a reference electrode. The electrochemical
measuring cell will also contain a counter-electrode (or auxiliary electrode)
to which the opposite reaction (oxidation or reduction) occurs with respect
to that of the working electrode.

The most common work electrodes consist of thin discs of conductive
material incorporated at the end of a rod of inert material that contains a
metal contact inside it that connects the electrode to the external circuit.

The most commonly used conductors are noble metals (gold and platinum),
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carbon material (glassy carbon) or other (objet of research) materials
deposited on a conductive surface as in the case of the following work.

The range of applicable potentials depends on the electrode material and in
the aqueous solution is limited by the oxidation of water to oxygen (positive
potentials - upper limit) and by reduction to hydrogen (lower limit -
negative); in fact, such reactions would produce currents such as to "cover"
other processes. During the scanning and the simultaneous recording of
current, the potential is varied as a function of time. Depending on how this

variation occurs, voltammetric techniques are classified into:

Classical voltammeters, among which we find hydrodynamic
voltammeters: the potential of the working electrode is linearly varied as a
function of time, a linear scan is carried out between a starting potential

and an arrival potential (Fig. 3.1);

EE
= AE
-
g r
2 A
=%

Ad ¥
SE AT

‘o Time iy

Fig.3.1 Linear voltammeters

Voltammetry with step scanning STC (Staircase Voltammetry): it is a
variant in which the potential is increased following steps, that is the

potential increases abruptly at regulated time intervals and the current is
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recorded in the last moments before the next step, this reduces interference

due to capacitive currents (Fig. 3.2);

@ Potential

sA

T
AT

to Time ty

Fig.3.2 Step-type voltammeters

Differential-pulse voltammetry: the potential increases over time following
successive excitation pulses and the signal is obtained by superimposing a
periodic pulse on a linear scan, the current is recorded alternately at the
base and at the maximum height of the pulse, thus obtaining lower
detection limits due to the increase in faradic current and the decrease in

capacitive current (Fig. 3.3);

Potential
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SE AT  pRr
AT

Yo Time tg

Fig. 3.3 Differential scanning voltammeters.
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Square wave Voltammetry: it is a technique similar to the previous one
which offers the advantage of being fast and highly sensitive, the signal is

obtained by superimposing a periodic pulse on a step signal (Fig. 3.4);

WA

P otential
g

E

Fig. 3.4 Square-wave differential voltammeters.

Cyclic Voltammetry: a triangular waveform is used so that the potential
increases linearly up to a value and decreases with the same slope towards
the starting value, or vice versa, in this case we will observe both the
reduction reaction and the oxidation reaction that will take place in

succession depending on the direction of scanning (Fig. 3.5).
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Fig. 3.5 Cyclic Voltammeters.
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The graph obtained by recording the current as a function of the potential
scan is called a voltammogram and in the case of linear scans it consists of

sigmoid-shaped curves in which a limiting current is reached Fig 3.6.

CR

Limit
Current

Potential
o

Fig. 3.6 Example of a voltammogram obtained for a linear scan between a

SE starting potential and an EE final potential

To understand the trend of the voltammograms it is necessary to introduce
the concepts of mass transport, faradic currents, capacitive currents and

diffusion layer.

3.1.1 Mass Transport

Mass transport refers to the non-random movement of chemical species
within a phase. Mass transport can take place according to three distinct
mechanisms: migration, convention and diffusion.

Migration refers to the movement of ions in solution influenced by the force
of attraction (or repulsion) of the electric field generated by the electrode.

This force decreases exponentially as the distance increases. Fig. 3.7.
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Fig. 3.7 Mass transport for migration

By convention we mean the movements that occur following a temperature
gradient (natural convection) or because the solution is subject to agitation
(forced convection); in this case we observe a turbulent movement which,
when approaching the electrode, becomes laminar and the solution layer in

close contact with the surface is stationary Fig.3.8.

L

Electrode

Fig. 3.8 Mass transport by convection

Diffusion means the motion of the species subjected to a concentration
gradient and does not depend on the charge of the particles. As the
discharge reaction occurs, the solution in the neighborhood of the electrode

is depleted of the reacting species as they are consumed and a concentration
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gradient is created which recalls the electro-active species from the most
distant layers of the solution towards the electrode surface . The diffusion
rate is proportional to the concentration gradient and in diffusion of such

diffusion processes Fig. 3.9.

Electrode
-
-
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Fig. 3.9 Mass transport by diffusion

3.1.2 Faradic and Capacitive Currents

The electric current that passes through the electrode and is recorded can
be of two types: faradic or capacitive.

The faradic current is due to the discharge of the electrochemical species
and is proportional to the oxidized or reduced quantity according to
Faraday's laws.

The capacitive current is instead due to the discharge of a pseudo-capacitor
which is formed at the interphase between the electrode and solution: by
imagining a negatively charged electrode it will recall the positive ions
present in solution (ions of the support electrolyte) and then a create an
electric double layer that behaves like a capacitor Fig. 3.10. Capacitive
currents are generally negligible but still constitute background

interference.
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Electrode
)
)

Fig. 3.10 Example of double electric layer at the interface between

electrode and solution.

3.1.3 Diffusion layer

Even if the solution is set in motion, a small thickness (layer) of still
solution is created around the electrode, said Nernst diffusion layer or
stationary state and in which the movement of the particles involved in the
reaction occurs by diffusion only (Fig 3.11). The thickness of the layer
varies between 10 and 100 um and depends on the amount of agitation. In
these conditions the faradic current reaches a limit value that depends on
the speed of diffusion within the Nernstian state which in turn is correlated
to the concentration of the massive solution. At a given instant of a steady
state process, observing the concentration profiles for solution thicknesses,
we will have that the massive solution will have a certain concentration
(maintained by agitation) and in the diffusion layer the concentration

decreases to a Co concentration on the electrode.
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Fig.3.11 Variation of concentration within the diffusion state of Nernst

3.2 Voltammetry in quiet

Consider a process that takes place at rest and we observe the trends of the
voltammograms obtained. If we imagine having an electrode immersed in
a solution containing an electroactive species and applying a linear scan of
the potential. We will find that (Fig. 3.6) initially the current remains stable
at a value close to zero (due to the capacitive current); subsequently when
the discharge potential is reached the current increases up to a maximum
point (the species present around the electrode are consumed) and then it
decreases to a limit current that remains constant even increasing the
potential. This is because once the molecules have been consumed in the
diffusion layer the current will start to decrease and the molecules will
begin to be recalled by the massive solution, in these conditions the process
is regulated by diffusion. The species reach the electrode at a constant speed
and the limit current is reached. The value of the limit current depends on
the concentration gradient and therefore on the concentration of the
solution, the more the solution is concentrated and the higher the limit

current.
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The limit current will be proportional to the flow of the species towards the

electrode which is expressed by Fick's first law (Eq. 42):
(px,t =-D (SC/SX)x,t (42)

In general, in cyclical voltammeters are performed in order to study the
behaviour of a redox pair. This corresponds to performing a reduction
reaction and then an oxidation reaction (or vice versa depending on the
scanning direction). The extreme potential values at which the inversion
occurs are called switching potentials and the scanning in the direction of
negative potentials is called direct scanning those in the opposite direction
is called reverse scanning. To obtain information on the process the
potential scanning must obviously take place within that in which oxidation
or reduction of the electroactive species occurs. Figure 3.12 shows an
example of cyclic voltammetry where we can observe two peak currents,
one referring to the reduction process (the one below) and one referring to
the oxidation process (upper peak); for a reversible electrochemical
reaction the difference between the two potentials corresponding to the two

peak currents is expected to be (43):
AE, = |Epria — Eposs| = 0,0592/n (43)

In reality the irreversibility due to the kinetics of the process causes a.AEp
that exceeds the expected value.

The intensity of the peak current can be expressed with the Randles
equation (44), according to which the intensity is proportional to the

number of electrons exchanged, to the scanning speed v (V / s), to the area
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of the electrode A (cm?) to the diffusion coefficient D and to the
concentration of the massive solution C, and K is a constant of

proportionality and is 2,686x105
i, = Kn®2ADY2p/2(C (44)
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Fig. 3.12 Example of voltammogram obtained in a cyclic voltammetry in

quiet

3.3 Hydrodynamic rotating disk voltammetry (RDE)

Hydrodynamic rotating disk voltammetry, differs from that electrochemical
technique, previously explained by the fact that the working electrode is
subjected to a constant speed rotation (Fig. 3.13). The mass of the solution
far from the electrode is subjected to a turbulent flow caused by agitation,
approaching towards the electrode a region of laminar flow is met and
subsequently the road is stagnant solution called Nerst diffusion layer. Only
within the diffusive layer the concentrations vary depending on the distance
forming the concentration gradient, since in the areas of laminar and

turbulent flow the convention keeps the concentration at its initial value.
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The voltammogram that is obtained has the classical form of a wave
(Fig.3.14). In the first section the current value is close to zero and is due
to the capacitive current. Subsequently the discharge of the electroactive
species is observed and the current increases (in absolute value ) until
reaching a stationary regime where once the species are consumed around
the electrode there is a continuous and constant supply of species from the
solution to the Nerst layer according to the diffusion process. The thickness
of the diffusion layer will be lower the greater the rotation speed, therefore
the limit current increases as the solution concentration increases and the
electrode rotation speed increases. The potential at which the current is
equal to half the limit current is called the half-wave potential E1 and is
closely related to the standard reduction potential of the redox pair even if

in reality it is not identical.

Pt
(
- Disk
A Diffusion
D layer
L

1
Solution ‘

Fig. 3.13 Rotating electrode immersed in a solution
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Fig. 3.14 Example of a voltammogram obtained for a linear scan with a

rotating electrode.

3.3.1 Levich Equation

Electroanalytical techniques can be used to estimate the number of
electrons exchanged in a redox reaction in order to evaluate the efficiency
of some electrochemical systems. The calculation of the exchanged
electrons can been performed according to two models: the Levich equation
and the Koutecky-Levich equation.

The value of the limit current depends on the number of electrons
exchanged n, the Faraday constant F, the area of the electrode A, the
concentration of the analyte C, the diffusion coefficient D, the kinematic
viscosity of the medium v and the angular velocity of rotation of the

electrode ® according to equation (45)

jimite = 0,62nFAC DZ/? /2 y=1/6 (45)

Using the current density defined as the ratio between the current (i) and
the electrode area (A), and grouping the constants of the previous equation

within a term Ko we get (46):
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1

j=7= nK, Vo (46)

where:

2 1 _ _1 1
K, = 0,62FCD/3v=/6 (¢cm™2rad™/2s/2)
Still it is convenient to express the rotation speed in revolutions

(revolutions per minute) remembering that ® = 2nf/ 60, where is the speed

in revolutions by minute, the previous equation can be expressed in the

form (47):
’an [T
| = — = — 47)
j=nkK, 0 nk, 30\/7

And by grouping in a single constant we obtain the current density as a

function of the rotation speed (48):

j =nK-/f (48)

Where:

Therefore, bringing in a graph J as a function of f we obtain a straight line
with angular coefficient m = n Kf, from the value of the angular coefficient

and knowing the costline Kf it is possible to derive the number of electrons
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involved in the electrochemical process. Kf can be calculated by knowing

the values of concentration, diffusion coefficient and kinematic viscosity.

3.3.2 Koutecky-Levich Equation
By the Koutecky-Levich equation (49) the number of electrons involved in
the redox reaction can also be calculated in the case in which the curve does

not present the characteristic sigmoid form.

1 1 1
—=—+4

Lol kgvw

(49)

Where:

ky = 0,62nFACD*/3v™"/s

While icc represents the current value that would be observed if mass
transfer was so efficient as to maintain the concentration of the redox
species on the electrode surface equal to the mass concentration value.

Using the current density and the number of revolutions per minute (instead

of the angular velocity expressed in rad/s) we obtain the relation (50)

1_1, 1
J Jec an\/? (50)

With

K; = 0,2FCD"/3v="s
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Reporting in a graph 1/j against 1/f'? a series of points can be obtained
whose interpolating straight line has as angular coefficient m=1/nKf and as
a known term q=1/Jc.. From the angular coefficient and knowing Krwe can

derive the number of electrons exchanged during the process (51):

n=—— (51)

3.4 Hydrodynamic Voltammetry with rotating disk-
ring electrode (RRDE)

The RRDE technique allows a more 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,
separated by an insulating layer and mounted 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. 3.15).
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Fig. 3.15 Electrode that has a Glassy Carbon disc and a 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 comes into contact with 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. 3.16.

Pla!l:::‘l'\ ¢
N D

Yetlon Graphite
Disk

Fig. 3.16 Reagent flow on the electrode.
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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.

3.4.1 Study of the ORR by RRDE

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 H>O or H»0,) takes
place on the disk and the oxidation of the oxygenated water is eventually
present at the ring produced on the disc.

In the operating conditions the current measured at the disk 4 is given by
the sum of all the charge transfer processes that take place in the working

potential range, and therefore is (52):

Ip = In2o2 + Inzo (52)

By applying to the ring a potential which is the only oxidation of the
hydrogen peroxide produced to the disc, the current recorded to the Ir ring
where r stands for ring, is due to the fraction of hydrogen peroxide

molecules that reach the disc from the disc ring (Fig. 3.17).
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Fig. 3.17 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.

A further system for determining the value of N that can be obtained
experimentally, by performing a potential scan of a solution containing a
known redox pair (generally ferrocyanide / ferricyanide) and performing
the ratio between the limit currents of the ring and of the disc (Ir / Id), as
reported after.

The fraction of current measured at the disc due to the oxygen molecules
reduced to H2O» (I H202) will be given by the ratio between the current
measured in the ring and N (53)
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[ HO2 = Ir/N (53)

The difference can therefore be obtained from the current due to the

reduction of oxygen to water (54):

[ H,O=Id - I H,O» (54)

The disc currents that are reduction currents (cathodic) must be made
positive.

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 to water and hydrogen peroxide: (55)

1 1
I_d= H20+ H505 (55)
n 4 2

By rearranging the terms one finds the formula for calculating electrons

(56).

Al 4l
la+1/N Iy + Iy,

n (56)

3.4.1.1 Measurements in solution of potassium ferricyanide

Due to the complexity of the systems studied, the collection efficiency, N,
was determined experimentally for each sample. For this purpose a cyclic
voltammetry was carried out in solution of potassium ferricyanide 5 10> M

in KCI 1 M bubbling an inert gas: N».
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To prepare the electrolyte solution, appropriately calculated quantities of
K4[Fe(CN)s] at 99% (Carlo Erba) and KCl (WVR Chemicals) were
dissolved in double distilled water and brought to a volume of 250 mL.
After filling the cell and deaerating the solution, a cyclic scan was
performed at a speed of 5 mV/s in the potential range from -850 to 100 mV
(vs Ag/ AgCl in saturated KCI), keeping the working electrode in rotation
at 1600 rpm and imposing a constant potential of 600 mV on the ring (vs
Ag / AgCl in Saturated KCl).

Once all the operations were completed, the electrode was washed with

ethanol to remove the analyzed ink.

‘\ —Jr

J (mA/cm2)

T v I T T
-1,5 -1,0 -0,5 0,0 05
E (V)

Fig. 3.18 Graph for the determination of N obtained by scanning in the
potential range from -850 to 100 mV (vs Ag / AgCl in saturated KCl) at a
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speed of 5 mV /s, imposing a potential of 600mV on the ring (vs Ag/ AgCl
in saturated KCl)
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4. Experimental procedure

The experimental procedure allows to evaluate the efficiency of the
catalysts. The operational phases carried out for each sample are reported
in sequence below:

* Ink preparation

* Preparation of the electrolytic solution and deoxygenation by bubbling
nitrogen (N2)

* Checking the potential of the Ag / AgCl KCl sat reference electrode. +
0.199V vs RHE and preparation of the electrochemical cell

* Electrochemical cleaning of the electrodes

* Drop cast of ink on the surface of the Glassy Carbon disc

* Recording of a quiet cyclic voltammetry in a suitable potential window
using the glassy carbon electrode as the main electrode and the platinum
ring as a secondary electrode

* Recording of linear voltammeters at five different electrode rotation
speeds (400, 800, 1200, 1600, 2000 rpm) using the same potential window
* Ventilation of the solution by bubbling oxygen stored in a cylinder until
saturation

* Recording of a cyclic voltammetry

* Recording of the set of linear voltammeters at different rotation speeds

* Preparation of a solution of K3Fe(CN)¢ and registration of linear

voltammeters for the determination of Collection Efficiency (N).

4.1 Ink preparation and pre-analytical phases

For a visual observation the samples are presented in the form of dark

coloured agglomerates. In order to be deposited on the surface of the
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primary working electrode it is necessary to prepare an ink (ink). The
preparation of the ink involves the direct weighing of an aliquot of catalyst
and the subsequent addition of water, of a polymeric resin which serves to
maintain the electrical contact between the catalyst and the surface of the
electrode and of ethanol which acts as a solvent for the resin.

The four components are weighed in succession within the same glass vial
to obtain the% composition shown in table 4.1. Approximately 2 mg of
catalyst is weighed and the quantity in mg of the other necessary reagents

is calculated based on the weighing carried out.

% m/m composition inside the ink
Catalyst 2%
Water 52%
Ion exchange resin, Nafion® 20%
Ethanol 26%

Table 4.1 — Ink composition

The obtained dispersion must be sonicated (to facilitate the breaking of the
catalyst lumps) until a homogeneous black ink is obtained in which the
catalyst powders are no longer distinguishable. Generally sonification takes
20-30 minutes.

At the end of the sonification using a 10 L micropipette, a drop of ink is
deposited on the surface of the disk, making sure that it remains well
confined inside it and does not expand by touching the ring (Fig. 4.1). The
drop is allowed to dry for about 20 minutes and after the evaporation of the
solvent the surface of the disc appears opaque and the presence of catalyst

granules is noted.
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[

Fig. 4.1 Deposition of ink drop on the glassy carbon disc.

A 0.1M KOH solution is prepared and deoxygenated by bubbling nitrogen
for about 20 minutes. The electrochemical cell consists of a glass cell with
a central emery neck and side necks that can work with a three-electrode
system: the rotating electrode (RRDE), the reference electrode and the
counter electrode. There is also an entrance for bubbling the gaseous
effluents (O2 and N2). Before starting the measurements, check that there

are no air bubbles adhering to the surface of the electrodes.

4.2 Electrochemical Measurement Instrumentation

Table 4.1 summarize the instruments used in the following thesis work,
while Figure 4.2 shows the scheme and the picture of complete system of

work

Instrument/Component | Model / Features

Rotator System Pine MSR Rotator System

It consists of an electric motor that
allows to control rotation speed with
extreme precision
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Roating electrode speed
control

Pine Rotatin electrode speed control

It allows manual and software
adjustment of the electrode rotation
speed.

Bi-Potentiostat

Autolab Metrohm
potentiostat/galvanostat

Instrument which, by means of a
suitable internal circuit, is able to apply
to the two independent potential
electrodes (with respect to the reference
electrode) and record the currents due to
the electrochemical reaction on the
electrodes.

On the instrument there are the plugs to
be connected respectively with counter
electrode, reference electrode, rubbing
contact of the disc, rubbing contact of
the ring.

Working electrode
Ring / Disk electrodes

E6 Series Pine Electrodes

Flat electrodes characterized by the
presence of a Pt ring and an internal
glassy carbon disc. The surfaces of the
two electrodes supplied by the
manufacturer are shown

Disk (GC) = 0.1963 cm? @ Smm
Ring (Pt) = 0.11 cm?

Software

Nova, Autolab Metrohm
It allows control of both the potentiostat
and the electrode rotation system

Reference electrode

Ag/AgCl/KCl sat.
Potential of +197 mV compared to the
hydrogen reference electrode (NHE)

Counter elettrode

Pt wire

Table 4.1 Equipment required
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A
Reference electrode
«
Ring electrode
B 4 Bi-potentiostat
D Diskoloctode |
I Counter electrode | Electrode disc
N’ | Electrodering  [1&
\ electrical comtact i
\ / !
) ( Computer
O; or N, saturated electrolyte

solution

-

electrode

Fig. 4.2 Diagram (A) and picture (B) of the apparatus used for the

measurements

Before depositing the catalyst on the surface of the Glassy Carbon disc it is
good practice to clean the working electrodes. If the surfaces are
particularly inactive it is necessary to carry out a physical treatment that
involves a renewal of the surface by lapping: for about a minute the surface
of the electrode is abraded on a rotating plate with a special cloth soaked in
an aqueous dispersion of alumina particles (Buehler Micropolish II) having
an average diameter of 1.0um. The subsequent removal of alumina residues
is carried out by sonication of the electrode in an ethanol solution.

For the electrochemical treatment the two working electrodes are raised to
high potentials for small time intervals in order to oxidize the species
adhering to the surfaces.

The activity of the platinum ring is evaluated by performing a cyclic
voltammetry in an acid environment between 1.2V and -0.2V in which the
characteristic trend reported in figure 4.3 A must be obtained; in Alkaline
solution a different trend is obtained, shown in figure 4.3B. If the traces are
different, it is convenient to perform an electrochemical cleaning of the

electrode, keeping it at a constant potential of + 2V for about two minutes.
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Regarding the cleaning of the Glassy Carbon disc, the disc is connected as
the primary working electrode and two / three cycles are performed which
involve applying a potential of: + 1.5V then -0 to the electrode for a time
of 2min. , 2V and then + 1.5V.

Once the components of the cell are mounted and the solution gurgling
nitrogen is de-aired, the set of electrochemical measurements can be
started. The platinum ring is used as the primary working electrode and a
cyclic voltammetry is performed between + 0.6V towards -0.6V at the
scanning speed of 100 mV / s, it is checked that the obtained
voltammogram has the usual form 5.3 if this does not happen it is necessary

to perform ring cleaning cycles according to the procedure indicated above.

2,0x10"

-2,0x10"

1(A)

4,0x10"

T T v T T )
02 00 0z 04 0e 0 10 12
E (V) vs AgiAgCI KCI sat.

2,0x10"

0,04

1(A)

4.0x10* T T T T T T T
a8 04 02 00 02 04 08
E (V) vs Ag/AgCI KCI saL.

Fig. 4.3 Platinum disk voltammetry in deoxygenated solution A) acid

H>SO4 1IN, B) Basic KOH 1M, scanning speed 100 mV/s
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Then the disc is connected as a primary working electrode and the ring as
a secondary working electrode, then a cyclic voltammetry is performed at

rest with the operating settings shown in table 5.2

Disc Starting potential +0,0V
First vertex -0,85V (start scanning
proceeding to the left)
Second vertex +0,3V
Final Potential +0,0V vs OCP
Scan rate SmV/s
Ring Potential (Constant) +0,6V

Table 4.2 CVs parameters

Five linear voltammeters are recorded at the electrode rotation speeds of
400, 800, 1200, 1600 and 2000 rpm with a scanning speed of 5SmV / s

according to the potentials shown in table 4.3.

Disc Starting potential +0,15V
Final Potential -0,85V

Scan rate 5 mv/s

Anello Potential (Constant) +0,6V

Table 4.3 LSVs parameters

After blowing oxygen for about 20 minutes, saturating the solution, cyclic
voltammetry is re-performed using the settings shown in table 4.2. The
appearance of the oxygen reduction peak should be clear by comparing the
disk CVs recorded in nitrogen and oxygen.

The linear scanning voltammeters of the oxygenated solution are
performed at the different rotation speeds of the electrode as in table 4.3.
At the end of the measurements carried out on the oxygen reduction

reaction, the experimental Efficiency Collection (N) evaluation is
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performed using a 0.1M solution of K3Fe(CN)s. For electrodes used, the
parent electrode provides a N value of 0.256. In the present work it is
essential to obtain the value of N experimentally since the thin layer of
catalyst deposited on the surface of the disk modifies the geometry of the
system. Therefore linear voltammeters are performed in the potential range
shown in table 4.4 at the different electrode rotation speeds (400, 800, 1200,
1600, 2000 rpm).

Disc Starting potential +0,15V
Final Potential -0,85V

Scan rate 5 mv/s

Ring Potential (Constant) +0,6V

Table 4.4 LSVs Parameters for the K;Fe(CN)s solution
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S Synthetic pathway sample

5.1 Carbon nanotubes

Carbon atoms can give rise to spherical structures called fullerenes which
are considered an allotropic form of carbon and have a structure similar to
graphite in that they consist of hexagonal rings joined together on a plane,
but unlike graphite (which has structure planar) also have pentagonal rings
that prevent flatness and favor a spherical folding. Following a
rearrangement, the fullerenes can originate tubular structures called carbon
nanotubes.

Carbon nanotubes are made up of graphite planes wrapped in a cylindrical
shape, the lengths reach a few microns and the diameters at about 100 nm.
Depending on the diameter and the arrangement of the hexagons, they can
show remarkable electrical and structural properties, aimed at interesting
applications in material sciences. Usually they form solid aggregates and
are not soluble in water, unless they are functionalized with molecules and
polar groups.

There are numerous types of carbon nanotubes but in general they can be
classified into two categories (Fig. 5.1):

* Single-Walled Carbon Nano Tube (SWCNTs) or single-walled nanotube,
they consist of a single sheet of graphite wrapped around itself to form a
cylindrical structure;

» Multi-Walled Carbon Nano Tube (MWCNTs) or multi-walled nanotube,
consisting of multiple sheets of graphite wrapped one on top of the other to

form a "thick" cylindrical structure.
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The central body of the nanotube is formed only by hexagons (such as
graphite) while the curved ends representing the closing points of the
nanotube (the caps) are formed by hexagons and pentagons (as in the
fullerene). Carbon nanotubes show interesting chemical-physical
properties, they can behave both as conductors and semiconductors
(depending on the diameter and geometry) and are characterized by a
strong mechanical resistance due to all the forces of cohesion of the
structure. The electrical conductivity is graphitic and can occur both on the
plane of the orbitals & and within the nano tube itself and in this case there
is no heating effect following a current passage. Thanks to these properties
the nanotubes are designed for the realization of microcircuits and in
electrochemistry they can therefore function as electrodes or in any case
they can be used to coat the surface of a conductor.

The versatility in the field of application of these nanomaterials is due to
the possibility of functionalization, that is, it is possible to "cover" the
surface of the nanotube with covalently linked molecules or functional
groups or adsorbed through Van der Waals interactions. This
functionalization modifies its characteristics and gives it peculiar
properties. Therefore functionalised nanotubes can find applications in

multiple scientific-technological fields.

TELF

Singlewalled CNT Multiwalled CNT

Fig. 5.1 Single-walled and multi-walled carbon nanotubes
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5.2 Carbon nanotubes under study

In the present work of thesis, multi-walled carbon nanotubes (MWCNTs)
functionalized with azamacrocyclic that complex inorganic cations were
used. The adsorption of azamacrocyclic complexing agents on the graphitic
surface allows to obtain active sites consisting of single metal ions and
therefore a considerable saving in terms of the mass of precious metal used

inside the catalyst (Fig.5.2).

N N

Fig.5.2 Azamacrocycle adsorbed on the surface of the carbon nanotube, a

metal cation is complexed inside the terminal macrocycle.

70



5 Synthetic pathway sample

5.3 Publication on Inorganic Chemistry acs

In this paragraph the work published in the scientific journal Inorganic
Chemistry is reported entitled “Towards Supported Single-Ion
Heterogeneous Catalysts: Pd (II) Complexes with High Efficiency in
Oxygen Reduction Reaction in Alkaline Media”. This work explains and
summarizes (both in the main manuscript and in the information support)
the entire study and research path, considering also the various steps,
related to the functionalized MWCNTSs samples object of study. As can be
seen, the results obtained, in particular for the MWCNTs / HL2- (PdII)
sample, are very interesting. For this reason MWCNTs / HL2- (PdII)
sample was chosen to use it as a cathodic catalyst in the assembly of a

complete fuel cell test.
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ABSTRACT: We report here the remarkable catalytic
efﬁctency obscrv:d for two Pd(il) lumacmcycllc
on multiwalled carbon
(MWCNT:) ww.lrd oxygen reduction reactions. Beyond
a main (>90%) 4~ process and an onset potential close
to or better than those of commercial Pt electrodes, the
MWCNT; functionalization strategy, aimed at chemically
defined Pd(11)-based catalytic centers, allowed the half-
cell to exceed the proton-exchange-membrane fuel-cell
reference/target mass activity efficiency set by the US.
Department of Energy for 2020 (440 mA/mgg at 09 V
vs reversible hydrogen electrode).

Fucl cells are p g candidates for ble future

et logy. Oxygen red reaction (ORR)
allows the release of chemical energy stored in the vector
molecule H, in the form of electrical work without producing
any waste but innocuous H,;O molecules. For this reason, ORR
is regarded as a highly strategic reaction, upon whose efficiency
the near-future energy storage and powering technology
depend.

The use of a cathode catalyst s mandatory to achicving a
satisfying ORR conversion rate. Although many efforts have
been made and several C-based nanomaterials have been
assessed, Pt-based catalysts remain unchallenged as of today m

Herein we report a hydrodynamic study on the half-cell, as is
the best practice for benchmarking ORR catalyst perform-
ances,"” conducted on two novel Pd(I1)-based catalysts in
alkaline u\luhnm because Pe-free alkaline fuel cells were recently
proven'"~"* to be efficient in delw\'nng stable performances and
a power density above 1 W/cm®. One of our new catalysts
u&eﬂh the target mass activity value by over 10%, featuring an

o Value identical or better than that of a Pt electrode (0.91 Vs
RHI-) and an .almmt exclusive (96.5% at 0.9 V vs RHE) 4¢”
process, L., sel g the direct of O, to
H,0 (see Table 1). \u:h feamu‘: were made possible by the

Table 1. Catalytic Pecformances of Our Catalysts
Immobilized in a Polymeric Film on a Glassy Carbon
-
e

n, 3t 40.164 V°

[ Sy RDE mass activity”
catalyst (V) RRDE (KL)) (mA/Mgecs”)
MWCNT/HL1 as i 3§ 173
pa(n) oo
MWONT/HL2 0ass A8 170 LA
Pa(n) e
Pt clectrode 091 410

“The activity of a Pt clectrode is reported as s reference. “Details on
the E,, determination are given in Figure 1. “w RHE. “Calculations
pmnd«] in Table S1. “at 09 V v RHE. ‘Koutechy—Levich plots
provided in Figure 82,

terms of the produced current density (J), low onset p
(E,,), and avoidance of production of the reactive H 0;. rather
favoring direct conversion to H,0." Because Pt and the so-called
Pt group metals (PGMs) are rare and expensive—one of the key
unsolved issues for the widespread use of fuel cells—much
research effort has been onented to reduce the required amount
of metal to reach the desired performances”™ As the useful
timespan for the replacement of fossil fuels narrows, interna-
tional protocols and agreements with specific objectives and
deadlines are lated. The up 2020 effi goal for
fuel cells was upmm-d in this same spirit, i.c., in terms of mass

mpr.\moleculu Hthll‘L'lll(’(’ of our supported ula.lysﬂ. enabling

on multiwalled carbon b
(MWLNTt) of the Pd(IT) complexes, without durupl\ng either
the nanostructured nature of the substrate or its a-delocalized
system.

The catalysts MWCNT/HL1-Pd(11) and MWCNT/HL2-
Pd(11) evaluated in this work (Figure 1) were obtained through
a supramolecular approach. High-purity (99.9% C) graphitized
MWCNTs were chosen as substrates, both in view of the
usefulness of nanostructured C in catalysis and for their

activity, by the US. Dep of Energy, requiring that a
threshold current is pmduced per quantity of PGM under
certain conditions [440 mA/mgucy 3t 09 V vs reversible
hydrogen electrode (RHE)] in acidic media.”

W ACS Publications — © 2018 Ameican Chemical seciety

led electrical properties.’” Their noncovalent functional
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Figure 1. Ligands HL1 and HL2.

ization with either HL1 or HL2 (Figure 1) by spontancous
chemisorption in H,O according to previously described
procedures'*'* afforded the MWCNT/HL1 and MWCNT/
HL2 hybnd ials, without disrupting the delocalized x-
electron systems of the CNTs. Adsorption of HL1, HL2, and
analogous pynmndmc deﬂvanv:s on graphitic surfaces from
was p d to happen mainly
h the deficient py residue, rather than
mvolnng the protonated amine chain, as H,0 actively competes
for the ammonium groups."*™"” The adsorbed ligand amount is
compatible with single-layer coverage [cf. the Supporting
Information (S1), p $4], and multilayer adsorption is discarded
ke d ligand adsorption isoth

ding to p y rep on
g simple 1 ir-type

MWCNTs. ih behav-
Lomplenﬁon of Pd(I1) to the surface azamacrocychic
lities of these Is at pH 5.0 afforded the final
catalysts MW(.NT/HLI Pd(ll) and MWCNT/HL2-Pd(11),
ion of discrete PA(11) ions at
d position in the

o(ananalhry

o ly L3
" 1 i

P
1

g P

&

gah

the surface. Such co plexes possess an

cation’s first dination sphere, ¢
1 4

chloride ligand, as p y 3

Y
1

1 BT |

KOH) by cyclic y (CV). Elec
ments were performed using a three-electrode cell consisting of
an Ag/AgCl/ d KCI refe ! de, a Pt counter
clectrode, and either a rotating-disk electrode (RDE) or a
rotating: ring-disk tlrctmdc (RRDE). Immobilization of the
on the de was achieved by preparing an
mk for each i nmple i o( the Pd(ll)
lized MWCNT: dispersed in a p Jym
(Nafion), which was xhen cast onto a rommg glassy urbon
(GC) 1 de € 1 Ai !0
procedures:” a detailed d:satpﬁnn is available in the SI A
commercial Metrohm P: polyuy;ullme electrode (@3 mm) was
loyed to bench o our
Flgun 2 shows the ORR pohnuuon curves recorded at 1600
rpm for each sample at a potential scan rate of S mV/s. The

Jd (mAcm?)

05 08

04

T
03 o7

E, (V) vs. RHE

Figure 2. RRDE disk currents showing the ORR activities of the
investigated catalysts. Rotation rate: 1600 rpm. Scan rate: S mV/s

polarization curves for the bare GC electrode, as well as for the
GC electrode functionalized with the same strategy with pristine
MWCNTs, MWCNT/HLI, MWCNT/HL2, and MWCNT/
K; l’d(,l, are also reported. Relevant data on each electrode

andmvenﬁtdmlheptuemcasc' V'X-ny,
spectroscopy (XPS; Figure S3) and scanning electron
microscopy (SEM)—energy-dispersive spectroscopy (EDS)
analysis (Figure S4). Characterization and stability of the

ph under ORR (pHand p | ) are

reported in the SL Previous reports substantiated the lendency

e

are given in Table S2. The preparation and
characterization of MWCOCNT/K,PACL, where Pd species are
«hrecdy adsorbed on MWCNTs because of Ca—dx inter-
actions,'” are provided in the SL During the RRDE CV
measurements, the Pt ring electrode was held at a potential of
+0.50 V vs Ag/AgCl/saturated KCI to ensure the complete

of HLI to flatten on the CNT surface upon Pd(11) !
[moving from MWCNT/HLI to M\VCNT/HLI Pd(ll)
reduces the Brunaver—Emmett—Teller (BET) surface area),
while this is not observed for HL2 (moving from MWCNT/
HL2 to MWCNT/HL2-Pd(11) has almost no effect on the BET
surface area). This was ascribed to both the higher loss of
degrees of freedom required for folding of the longer spacer arm
back onto the surface and its increased hydruphlllcxry due to
protonation of the extra amino group (pK, = 7.51(6); working
pH 5.0)."

d

ng to the described method-
olopes.“ Demh o(the uulys! prepannon are gwtn in the SL
The final Pd in the were d as 0.242
mmol of Pd/g of MWCNT/HL1 and 0258 mmol of Pd/g of
MWCNT/HL2,

The electrocatalytic p nces of these toward
ORR were evaluated in an alkaline aqueous solution (0.1 M

s "

idation of H,0; e lly produced at the sample—GC disk
electrode. All electrochemical profiles and background currents
(under Nj-saturated conditions) are subtracted from the
respective curves 1o remove capacitive contributions (Figure
§5). The catalytic activities, in terms of both E_, and current
values, increase depending on the catalyst nature in the order:
bare GC < pristine MWCNT's & MWCNT/HL1 = MWCNT/
HL2 < MWCNT/K,PdCl, <« MWCNT/HL1-Pd(ll) <
MWOCNT/HL2-Pd(11). This rules out significant catalytic
propcnin of the substrate and CNT-supported in our
case, while it highlights the prominent role of PA(11) and the
ligands in tnhandng their catalytic activities. Table S2 collects
the el for all
As displayed in I"lgu.rr 2, the E,, values observed for the
MWOCNT/HLI1-PA(11) and MWCNT/HL2-Pd(11) catalysts are
very close to the benchmark values determined in the same
ditions with a ial Pt working el de. Data in

DOE 10,102 Vach incegchem BbOISHS
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Table | reveal that, in the case of MWCNT/HL2-Pd(11), the E,,,
value is even better (Le., more positive) than that observed for
the Pt electrode.

The number of exchanged electrons per O, molecule is
invariably very close to 4, signifying an almost exclusive
conversion of O, into H,0. Interestingly, very close values are
found hy either direct evaluation with RRDE or extrapolation of

E p curves through the Ki hy~Levich (K.L.)
eqmnonm =2 (Table 1). For this purpose, ORR polarization
curves were recorded from 400 to 2000 rpm (step of 400 rpm)
with a potential scan rate of 20 mV/s (Figure $6), Sample linear-
sweep voltammograms at different scan rates (200 mV/s) are
reported in Figure §7, Close convergence of the RRDE and K.1.

polated data for exchanged el number suggests high
h y of the el de surface. SEM images of the
electrode surface are displayed in Figure S8, Measured ring and
disk currents for MWCNT/HL2 at the suggested potential of
0.9 V vs RHE demonstrate that, under the said conditions, the
direct conversion to H,O efficiency increases, reaching 96.5%;
the full dependence of ne™ versus voltage for Pd-containing
catalysts is presented in Figure S9.

With regard to the mass activity, both catalysts show
satisfactory results, with MWCNT/HL1-PA(11) reaching 173
mA/mgPd and MWCNT/HL2-Pd(11) scoring 493 mA/mgPd
(Table 1),

Although other strategies based on Pd species are reported,
involving cither metallic thin-film electrodes”’ or Pd(0)

les (NPs) i bilized onto b tom-doped C
rfaeel M7 this feat of the mass activity was only made
possible by the careful design of cnuly-u to achieve supported
discrete ions. As pointed out elsewhere,” single-atom catalysts
would be the ultimate way of maximizing the mass/atom activity
of PGM metals. Moving from randomly doped systems to
supported discrete macrocyclic complexes with a well-defined
chemical identity is a datory step in that di

XPS spectra of the as-prepared catalysts, reported in 1 Figure 3a,
show that all Pd jons are present as a Pd(11) complex. Ink
preparation and subsequent ORR assays do not tamper much
with the nanostructure of the catalyst, as proven by the complete
preservation of features in the C 1y region. Pd does not change
its oxidation number upon use of the catalysts; i.e.,, all Pd ions
remain as Pd(11). After use, new small peaks appear ( Figure 3b),
which do not change during at least 1000 cycles (Figure S11)
and are consistent with the formation of either PAO™ or clusters
of Pd with surface oxy/hydroxyl groups™ (Figure 3), while most
of the metal is still bound to the ligand, demonstrating that we
really are in the presence of Pd(11)-complex active sites. Indeed,
among the many TEM images aquired, only few (Figure $10)
show the presence of tiny localized traces of NPy, which cannot
justify the observed activity. Also, the slight shift in the binding
energy of the Pd 3d signal and the Jack of a chlorine peak in the
used catalysts suggest that the original ancillary chloride ligand
was shed in favor of a hydroxide anion. Binding and activation
(Le, for proton exchange) of such H,0-related species under
dle reversible conditions granted by the strong bmdmg 10 a

le are probably the key
subtending to the observed catalytic activity of these Pd(11)
complexes.

According to chas of the as-prepared and after-use
catalysts, we cannot detect any major differences between
MWOCNTSs/HLL-PA(I1) and MWCNTs/HL2-PA(11) in either
the overall P metal d state, or Pd(11)
coordination environment. For these reasons, we are led to

200 348 D40 344 M2 MO X3 230 2 32 20
Bdng evengy (oV)

Figure 3. High-resolution XPS spectra in the Pd 3d region of (a) the as
prepared MWONT/HL2-PA(11) catalyst and (b) the MWCNT/HL2-
Pd(1) GC electrode after use (1 CV from +0.1 to ~0.85 V vs Ag/AgCl/
saturated KCI).

think that the longer spacer of HL2, protruding from the
MWCNTS surface, either produces a brushlike 2 of
the catalytic sites, better suited for uplunng gascous reagents
from the sol or

involving two nughbonng pd(1n) uenlen

The stability of the catalysts has also been addressed.
Concerning Pd leakage, SEM=EDS analysis of the fresh and
after-use (1000 cycles) MWONT/HL2 catalysts show the same
percent abundance of Pd in both samples (Figure $4). The
presence of Pd in the electrolyte solution was also checked by
inductively coupled plasma mass spectrometry after 1000 CV
scans, revealing no traces of the metal. Preliminary data indicate
that our most promising catalyst, MWCNT/HL2-Pd(11), is able
to maintain its performances over time, with no bias observed for
the produced current density or exchanged electron numbers
per O, molecule over a 1.5 h test in galvanostatic operating
conditions (Le., simulating a working fuel cell) at —0.80 V vs Ag/
AgCl/saturated KCI (Figure S12). Moreover, catalytic perform-
ances are also maintained over 1000 CV scans at 200 mV/s
(Figure S13). Nevertheless, further investigation is needed to
evaluate the long-term stability of the catalyst for fuel-cell
applications.

In | herein we d novel Pd(I1) catalysts for
ORR, one of which exhibits a half-cell PGM mass activity
exceeding state-of-the-art reference goals. Both systems feature
E,, values comparable or better than those of a commercial Pt
electrode and a predominating (90% or above; of. Figure 59) 4¢~
process, leading to the direct production of H,0. Furthermore,
we demonstrated that beyond Pd(0) species, also Pd(11)
complexes are feasible as active sites for ORR catalysts. Taking
for granted that the working mechanism will be the object of
upcoming studies, its undzmmding, logﬂhcr wlth the good
stability displayed by the develop dows their
rapid placement in practice and evaluation in a complete fuel
cell. For the reasons above, we strongly believe that these
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Synthetic procedures

Synthesis of HL1 and HL2
The synthesis of HL1 (HL1:0.5MeOH-H20) and HL.2 (HL2:-MeOH-H20) was previously
performed.'

Synthesis of (PAHL1)Cl2

K2PdCls (37.5 mg, 0.115 mmol) dissolved in 0.5 em® of water was added to a boiling
solution of HL1-0.5MeOH-H20 (50 mg, 0.115 mmol) in 20 em? of an acetone/ethanol 1:1
(v:v) mixture. The purple ligand solution turned orange. This solution was evaporated
almost to dryness and successively diluted with 10 cm® of hot ethanol. The procedure
(evaporation/ethanol addition) was repeated three times, until the solution became
opalescent. Precipitation of the complex as fine powder occurred while maintaining the
solution at room temperature overnight. The solid complex was filtered, washed with
ethanol and dried in vacuum at 35 °C (42 mg, 0.073 mmol. 63%). Elem. anal. Calcd for
CisH27N9O2PdCl2: C, 37.35: H, 4.70; N, 21.78. Found: C, 37.05; H, 4.81: N, 21.64. 'H
NMR (400 MHz, D20, pH 7. 298 K): 4 8.00 (t, 1H), 7.50 (d, 2H). 4.79 (s. 4H), 3.50-2.60
(m, 15H). UV-vis spectra of the complex (5%10* M) at different pH values are reported
in the following figure. Stability of the complex was verified by periodical recording of
these spectra: no changes were observed during 20 days.
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Synthesis of (PdHL2)Cl2
The synthesis of this complex was performed. by adopting the procedure above described
for (PdHL1)Clz, from K2PdCls (32 mg, 0.098 mmol) and HL2-MeOH-H20 (50 mg. 0.098
mmol). Yield: 45 mg, 0.071 mmol, 72%. Elem. anal. Calcd for C21H3aN10O2PdCl2: C,
39.67: H. 5.39: N, 22.03. Found: C, 39.46; H, 5.48: N, 21.88. '"H NMR (400 MHz, D20,
pH 5, 298 K): 0 8.03 (t, 1H), 7.52 (d. 2H).4.70 (s, 4H). 3.85 (t, 2H). 3.35-2.99 (m, 17H).
2.16 (g, 2H). UV-vis spectra of the complex (5%10* M) at different pH values are
reported in the following figure. Stability of the complex was verified by periodical
recording of these spectra: no changes were observed during 20 days.
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Preparation of MWCNT/HL1-Pd(II) and MWCNT/HL2-Pd(1I)

Functionalization of MWCNTs with HLI-Pd(ll) and HL2-Pd(Il) complexes was
performed according to previously described procedures.' The main difference between
literature data and the current study is the choice of the graphitic support: instead of the
already reported Thin MWCNTs (Nanocyl, Ref 3100, Spain, with metal ox-ides content
< 5%)'? we opted for an even less functionalized substrate, hoping that an unsoiled sp*
network would help electron transfer processes: for this reason, we employed graphitized
MWCNT (outer diameter 8-15 nm, inner diameter 3-5 nm) with a minimum C content of
99.9%, which were purchased from Nanostructured & Amorphous Materials, Inc.
(Houston, TX 77084. USA) and used as received. Chemisorption of HL1 and HL2
ligands was performed as already described, suspending a weighted amount of MWCNTs
in mM aqueous solutions of the ligands at pH 7.5 maintaining a 1| mg(MWCNTs)/1
ml(solution) ratio. The dispersions were equilibrated for 3 days in a thermostated shaker
at 298.1 K. The amount of adsorbed ligands was then evaluated by UV-Vis absorption.
The resulting MWCNT/HL1 and MWCNT/HL2 hybrid materials were recovered by
filtration, carefully washed with distilled water and dried in vacuum at constant weight,
Ligands desorption has been performed in the same way by re-suspending the materials
in pure water at pH 5.0 (the value at which Pd(II) adsorption is performed, see below) to
eliminate HLLI and HL2 molecules retained in a non-specific way or non-properly
adsorbed on the surface. The amount of desorbed ligands was again quantified by UV-
Vis measurements. The resulting MWCNT/HL1 and MWCNT/HL2 materials were then
recovered once more by filtration and dried to constant weight. The final amount of
adsorbed ligands was found to be 0.211 mmol/g(MWCNT) and 0.330 mmol/g(MWCNT)
for HL1 and HL2 respectively.

Pd(Il) adsorption on the resulting MWCNT/HL1 and MWCNT/HL2 materials was
performed by suspending the hybrid materials in 5 107 M solution of K2PdCls, working
at pH 5.0 and in the presence of | M KClI to avoid the hydrolysis of the metal. Visible
adsorption of the solution was monitored until the completion of the adsorption (4 days).
The resulting MWCNT/HL1-Pd(11) and MWCNT/HL2-Pd(IT) hybrid materials were once
more recovered by filtration and dried in vacuum to constant weight. The final amount of
adsorbed Pd(Il) were found as follows: 0.242 mmol(Pd)/ g MWCNT/HL1) and 0.258
mmol(Pd)/ g(MWCNT-HL2). Surface coverage is 1.1 complexes per nm? for
MWCNT/HL1-Pd(IT) and 1.7 complexes per nm? for MWCNT/HL2-Pd(II). Calculated
size of molecular boxes large enough to accommodate the ligands in optimized
conformation were previously reported.'

Elem. anal. Calcd for MWCNT/HL1-Pd(1I) (as defined above): C, 92.43; H. 0.51; N,
2.35. Found: C, 92.17; H 0.58; N, 2.43.

Elem. anal. Calcd for MWCNT/HL2-Pd(1I) (as defined above): C. 90.25; H, 0.91; N,
3.83. Found: C.90.41: H 1.02: N, 3.91.

S4

80



5 Synthetic pathway sample

Preparation of MWCNTs/K2PdCls

Functionalization of MWCNTs with K:PdCls was performed repeating the Pd(Il)
functionalization step as described above. Rather than a metal coordination on defective
sites, which should be rather insignificant on graphitized 99.9% C MWCNTs, most of the
adsorption is thought to happen mainly due to Cn-dn interactions.* According to the
weaker nature of such forces compared to coordinative bonds. the amount of adsorbed Pd
species is found considerably lower, namely 0.044 mmol of Pd(Il)/ g(MWCNTs), i.e.
almost 6 times less than in the presence of ligands.
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Table S1. Details of Mass Activity Calculation."

Sample % wiw Pd mg Pd mg Pd J Mass Activity
.9 vs
(MWCNTs)  (Ink) (Drop) (0.9 vs RHE) (m‘?\ c;:,':‘""‘",)
) ) (mA cm?) i £pd
MWCOCNT/HLI-PA(IT) 247 0.049 1.48 10 0.257 173
MWCNT/HL2-Pd(1I) 2.63 0.052 1.57 107 0.774 493

'wiw % of Pd in the MWCNT/HLI-Pd(IT) and MWCNT/HL2-Pd(11) catalysts is
calculated as follows. The determined mmol(Pd)/g (MWCNT/ligand) are converted into a
weight increase assuming that all Pd(Il) is adsorbed as PdClz. since no other possible
counteranions are expected to be present in a 1 M CI aqueous solution at pH 5.0
(hydroxide being ruled out due to pH: also said conditions, ionic strength and pH. were
selected according to literature thermodynamic data to avoid the hydrolysis of PdCls
entirely), and drying procedure to constant weight is performed thoroughly.

If one assumes to be working on 1.0 g of MWCN'T/ligand hybrid material, the total mass
of MWCNT/ligand/Pd (i.e. after metal adsorption) can be easily calculated by adding the
mass of the determined mmol(Pd)*F.W.(PdCl2). The w/w % of metal is then calculated
by dividing the mass of Pd (as mmol(Pd)*A.W.(Pd)) and dividing for the total weight of
the system (1.0 g of MWCNT/ligand plus the mass of adsorbed PdCl2). Please note that
in the presence of additional adsorbates (like residual water molecules). this would
overestimate the real w/w % of Pd: this would ultimately reflect itself in an
underestimation of the mass activity, so systematic errors, if any, would produce an
improvement of the reported mass activity results.

mg of Pd in the ink and on the drop-casted electrode are calculated according to the
dilution and methodologies described in the Preparation of modified electrode section

(e.g. accounting for the fact that the ink is 2% w/w in the MWCNT-supported catalyst, et.
cetera).

Finally, mass activity has been calculated by dividing the current density for the total
amount (in mg) of Pd.
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Table S2. Synoptic view of determined Ei2 and Eon values of all investigated catalysts.

Catalyst | E12 (V vs RHE) | Eon (V vs RHE)
| Bare GC | 0.55 0.69 |
MWCNTs . 0.69 0.79 |
MWCNTHL! |  0.66] 0.77
| MWCNT/HL2 0.67 ] 0.77
| MWCNT/K2PdCls | 0.74 | 0.38
| MWCNT/HL1-Pd(11) - 0.83 0.91 |
| MWCNT/HL2-Pd(II) | 0.86 | 095

Pt , 0.82 | 0.91
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Figure S1. Graphical definition of Eon as employed in this paper. Eon value is determined
from the polarization curve using its first derivative as the intersection between the
derivative inflection point and its baseline. Displayed polarization curve is the one for the
MWCNT/HL2-Pd(II) catalyst.
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Figure S2. Koutecky-Levich plots at -0.80 V vs Ag/AgCl/sat. KCI.
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Figure S3. XPS survey spectra of the MWCNT/HL2-Pd(II) catalyst as prepared (top) and

after use (bottom

). showing the exchange of the ancillary chloride ligand.
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Figure S4. SEM-EDS analysis of MWCNT/HL2-Pd(Il) as prepared and after use (1000
CV cycles, = 2.8 h) showing invariance of Pd content and exchange of the ancillary
chloride ligand. Analysis has been performed using a Hitachi S-2300 SEM equipped with
a Thermo Scientific NSS7 EDS analyser. Accelerating voltage: 20kV. Analysis software:
Pathfinder 2.2

87



5 Synthetic pathway sample

04

0.2

0,0

024

0.4 -

Jd(mA*cm?)

-0.6 1

0.8 f o,

T T T 1
1.00 0,75 0,50 025 0,00 025
E (V) vs Ag/AgCl/sat. KCI

b)

Jd (mA'em?)
5 f
1

T T T T
1,25 -1.00 -0.75 0,50 -0.25 0.00 025
E (V) vs. Ag/AgClisat. KCI

Figure S5. Still CVs in KOH 0.1 M solution saturated with N2 (red line)/O2 (black line)
for MWCNT/HL I-Pd(II) sample (a) and MWCNT/HL2-Pd(IT) sample (b).
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Figure S6. Linear sweep voltammograms recorded at different spin rates (400; 800:
1200; 1600: 2000 rpm) at 20 mV/s scan rate. (a) MWCNT/HLI-Pd(IT) sample; (b)

MWCNT/HL2-Pd(II) sample.
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Figure S7. Linear sweep voltammograms of MWCNT/HL2-Pd(11) recorded at different
spin rates (400: 800; 1200; 1600; 2000 rpm) at 200 mV/s scan rate.
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Figure S8. SEM micrographs showing the as-prepared MWCNT/HL2-Pd(II) electrode
surface. Recorded on a Hitachi S-2300 instrument.
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Figure S9. Dependency of number of exchanged electrons per O2 molecule vs voltage for
Pd-containing catalysts.
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Figure S10. TEM Images of the after-use MWCNT/HL2-Pd(I1) catalyst. Image (b) was
selected among the many images acquired to show that rare and tiny traces of Pd(0)
nanoparticles can be locally observed.
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Figure S11. High resolution XPS spectra in the Pd 3d region of the MWCNT/HL2-Pd(IT) GC
electrode after 1 CV and 1000 CV cycles (CV scans from anodic to cathodic potential, stop at
-0.85 V vs Ag/AgCl/sat. KCI). (a) Experimental spectra. (b) Fitted spectrum of the catalyst
after 1 CV scan. (¢) Fitted spectrum of the catalyst after 1000 CV scans.
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Figure S12. MWCNT/HL2-Pd(IT) 1.5 hours stability test results: top: time evolution of
ring and disk current densities and number of exchanged electrons per O2 molecule:
bottom: time evolution of water and hydrogen peroxide yields (as percentage).
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Figure S13. Stability of the MWCNT/HL2-Pd(II) catalysts over 1000 CV scans (1600
rpm, 200 mV/s). 1 voltammogram is plotted every 200 scans.
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6 Recycle pathway sample
6.1 Microwave Assisted Pyrolysis (MAP)

Pyrolysis is a thermochemical decomposition process in which the heat
supplied promotes a series of radical chain reactions capable of breaking
down polymers into simpler compounds. The process is conducted in an
oxygen-free environment, created by insufflating inert gases such as He,
N2 and COg, in order to avoid combustion phenomena due to high
temperatures. During pyrolysis the material to be pyrolized is heated up to
a maximum temperature, called pyrolysis temperature, to which it is kept
for a specific time useful for completing the reaction. Some important
parameters in pyrolysis are: the type of reactor used, the temperature, and
the presence of any catalysts. The value chosen for these parameters
strongly influences the composition of the pyrolysis products, so by
adequately setting the experimental conditions it is possible to production
of a product compared to the others. Generally high temperatures and long
residence times promote the production of gas, while lower temperatures
promote the formation of solid products. It is possible, for example, to
obtain a better liquid yield at moderate values of residence time and
pyrolysis temperature. Classical pyrolysis uses a conventional heating
method which involves increasing the temperature of the walls of the
container which then transfers the thermal energy to the sample, heating it.
This type of pyrolysis has several disadvantages due to conventional
heating such as: low heating efficiency and long reaction times, caused by
the slow transfer of thermal energy between the container and the sample.
An alternative and convenient method to classical pyrolysis involves the

use of microwaves for heating the sample. In this case we talk about
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microwave-assisted pyrolysis or microwave assisted pyrolysis. The
microwaves are electromagnetic waves or waves composed of two fields,
magnetic and electric, oscillating at a certain frequency on two planes
perpendicular to each other. In this case, microwaves occupy in the
electromagnetic spectrum the frequency range between 0.3 and 300GHz,

corresponding to wavelengths between 1 mm and 1 m (fig. 6.1).
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Fig.6.1 Electromagnetic spectrum.

The use of microwaves in pyrolysis experiments is possible if a substance
capable of absorbing microwaves is present in the sample, allowing the
transformation of electromagnetic energy into thermal energy. Energy
conversion is mainly due to two phenomena: ionic migration and dipolar
polarization. Ionic migration makes the greatest contribution to heating; it
generates heat due to the collisions between the charged particles that,
moving along the electric field, collide with each other. Dipolar
polarization is instead an effect that takes place in polar liquids and is
related to the realignment of the dipoles, due to the fluctuating electric field,
the continuous realignment of the dipoles causes friction and molecular

shocks which in turn generate heat. The different behaviour of the various
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materials with respect to microwave radiation has made it possible to

distinguish them in three categories:

* Insulators - materials that are transparent to microwaves and therefore not
subject to this type of heating (teflon, quartz);

* Conductors - materials capable of reflecting radiation (metals);
 Absorbents - also called dielectrics - are materials capable of interacting

with microwaves absorbing radiation.

Since only the last class is able to undergo the processes that lead to
microwaved heating it has been called dielectric heating. The use of
microwaves provides a more effective method of heating than conventional
heating: the substantial difference, as well as the main advantage of
dielectric heating, lies in the mechanism of heat transfer to the sample.

Figure 6.2 shows the heating patterns for the two methods.

Fonte di calore

! ! L Microonde

Riscaldamento convenzionale 1. Riscaldamentoa
microonde

Fig. 6.2 Temperature diagram for two heated objects for conventional

heating (left) and microwave heating (right)
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In conventional heating the heat is transferred to the external walls of the
container which then transfers the thermal energy to the sample. In this way
there is a considerable use of energy, necessary to heat the sample and the
walls of the container as well as increasing the temperature exclusively on
the surface of the sample itself, thus obtaining a heating that is not very
effective and uniform. In the dielectric heating the waves pass through the
insulating materials, often used for the construction of the containers, being
absorbed directly by the sample. This effect allows to heat the sample
avoiding the formation of temperature gradients, typical of conventional
heating. Furthermore, not involving contact heat transfer, this method
avoids all the problems and limits related to thermal conductivity, density
or specific heat of materials. In figure 6.2 it is possible to notice that the
centre of the sample is much warmer than the external zones. The cause is
attributable to the inhomogeneity of the magnetic field that generates hot
spots, called hot spots or micro cells. These small electric arcs, lasting a
few fractions of a second, confined to a very small space, are able to reach
temperatures high enough to influence the yield of the products by
increasing the gasification of the sample. Although it requires the presence
of an absorbent, microwave-assisted pyrolysis enjoys all the advantages
deriving from dielectric heating such as the high reaction speed which
influences the yield of the products, the high heating efficiency and the
rapid transfer of heat for which temperature variations between 10 and 200
© C/s have been recorded. The yield of the products obtained through MAP
is linked to various experimental aspects, for example: the reactor used, the
reaction time, the applied power, the particle size, and the temperature. As
explained at the beginning of the paragraph, the latter has the greatest

contribution: at high temperatures the intermediate products present in the
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pyrolysis gases can undergo thermal cracking by increasing the formation
of gaseous species or, for fairly long residence times, it is It is possible to
observe an increase in coal, formed by secondary reactions.

Another important contribution is given by the power applied as it
influences the heating time which in turn has an effect on the solid yield

and on the calorific value of the coal produced.

6.2 Chars obtained from MAP of Waste tyres (PFU)

Given their complexity, the disposal and recycling of PFU (Fig. 6.1) is a

very complicated process.

8

R e 5
o o e

Fig. 6.1 Exhausted Michelin Agilis 81 195/65 R16C tire used for coal
production [68]

The main methods of recovery of these waste are divided into three classes:
* Physical methods

* Chemical methods

* Thermal methods.
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In the first case it is possible to obtain rubber powders or granules which
are used for paving roads; the granulate can also undergo a chemical
treatment useful for the recovery of the rubber and the subsequent
application in various fields. Thermal processes instead aim at energy
recovery: one of the most sustainable methods for PFU disposal is
pyrolysis. The presence in tires of an excellent absorbent such as carbon
black (used as a filler) allows in particular the use of microwave-mediated
pyrolysis, with all the advantages previously exposed. The gaseous
products of pyrolysis are composed of a mixture of gases with a high
calorific value which can therefore be used as a fuel. The chars obtained
represent the second type of samples tested for the oxygen reduction

reaction during this doctorate.
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6.3 Publication on Journal of Power Sources

In this paragraph the work published in the scientific Journal “Journal of
Power Sources” entitled "Recycling of waste automobile tires:
Transforming char in oxygen reduction reaction catalysts for alkaline fuel
cells ". This work explains and summarizes (both in the main manuscript
and in the information support) the entire study and research path,
considering also the various steps:

« the importance of the power / mass? ratio (P / M?) during pyrolysis,
consequently electrochemical performance;

» the influence of a second heat treatment in the presence of oxygen;

» characterization of the materials studied.
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ARTICLE INFO ABSTRACT

Keywords:

The recycling of serap automotive tires is made difficult by & aumber of factors. They are composed of & complex
Whste antomenive tirey matrix that includes hazardous materials, not 10 menation a gigantic anaual production rate. Merein we report »
Recycting novel approach tackling the recovery and valarization of char, the least viduable by-product of waste-tire py-
"""""‘l"m;“ rolysis, through the transformation into highly efficient Ovygen Reduction Reaction (ORR) eatalysts for wse in
alkaline fael cells and metal air batteries. The study hus been performed on chars obtalned from Micrownve
Assisted Pyrolysis (MAP). Each sample hay been characterized by metal content (ICP-MS), specific surface area
(BET), porosity, crystallinity and nature of inorganic in the matrix (XRPD),
The most promising samples exhibit an ORR onset potential of 90 mV (RHE) and a 4¢  mechanism, Two main
factors arm found to contribvute to the enhanced ORR activity. Firstly, a large specific surface area and porosity
and secondly the presence of a high of Zn0) particles ded within the carbon matrix,
1. Introduction produced. In particular, the chemical composition of scrap tires poses

Global climate change and the detrimental effects on human health
of air pollution (smog) [1] have contributed to raise awareness of the
problems assoclated with modem society's dependence on fossil fuels
for both energy and raw chemicals, The dramatic growth in the number
of combustion engine powered vehicles is responsible in large part for
our environmental problems, both due 1o the emission of greenhouse
gases and in terms of solid waste disposal [2,3). With regard to the latter,
scrap tires are & major longstanding and unresolved issue [4).
Currently, about 1.5 billion waste tires are produced yearly, including
2.6 million tons for just Europe alone (5). More than 80% of the

P of scrap tires Is inafew
(USA, EU, China, India and Japan), where strict protocols and regula-
tions have been applied (e.g. EU Directive 31/1991) (6], It should also
be that tires are p y p considering that in
their worn-out state their mass is essentially the same as when they were

* Corresponding author.

serious problems. Landfill storage is prohibited in most countries, due to
flammability and leakage of toxic chemicals. For this reason, whole tires
are recycled (o produce maty for playgrounds, athletic surfaces, and also
10 make cement; since 1994 the fraction of waste tires going to landfills
has decreased from 60% to 5% In 2015 [7)

Thermal such as pyrol have been d ped as an
efficient strategy to reclaim useful chemicals, often in the form of fuels,
or from scrap tires |5]. Pyrolysis Is a thermal decomposition process
performed at high remperature in an inert atmosphere, which allows the

fi of complex subr into simple molecules. Starting

are bl d into three phases: gas, liquid and

solid. The liquid and gas phases are at present considered the most
valuable (Le. possessing the highest economic value). The gas phase
consists generally of small molecules (Hy, C,—Cy hydrocarbons, CO,,
CO and H;S) [K]. The oil (Le. the liquid phase) obtained Is generally a
complex mixture of aliphatic, aromatic, heteroaromatic and polar

** Cotrespoading suthor. Department of Chemistry “Ugo Schlff™ Univensity of Florence, via della Lastruccia 1, 50019, Sesto Florentino (F1), lzaly
B-mail oddresses: {rancesco, vissa@iccom.car it (F. Vieza), mianocenti@unifi it (M. Innocenti).
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which has been igated both as fuels and/or
source of purified chemicals [8.11). The solid residuals, often referred
10 as chars, have been tentatively used to produce carbon black and/or
activated carbon with some success in the p of car-
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Powder Diffraction (XRPD). XRPD data were collected at room tem.
perature by using a Bruker New D8 DaVincl diffractometer equipped
with a Bruker LYNXEYE-XE detector (Cu—Ka radiation, 40kV « 40 mA,
20 = 8-70°),

bon electrodes for supercapacitors (12-14), Chars contain significant
amounts (from a few to several thousand ppm) of different metals
embedded in a heterogeneous matrix in the form of isolated chemical
entities or particulate matter (e.g. oxides, sulfides, etc.). Such com-
pounds sre introduced during vulcanization and other stages of rubber

The b nature of the mixture makes an
affordable separation and recovery of metals from scrap tires very
difficult.

In this paper, we propose an effective way to exploit the presence of
nano-sized metallic or metal oxides/sulfide particles dispersed in the
c matrix ob after char (15,18). We
demonstrate that a simple post pyrolysis heat treatment can be used 1o
produce materials with high activity for the electrocatalytic oxygen
reduction reaction (ORR) [17-19],

The morphology and porosity of the materials can be optimized by
these The prep method leads to
a high surface area carbon based matrix containing ZnO/ZnS particles,
Both the high surface area and the dispersion of 200 particles are
responsible for the enhanced ORR activity. The recycling of tires as ORR
cartalysts is an Interesting process that has the potential to become much
more relevant should a massive switch from fossil fuels 10 fuel cell ve-
hicles may occur: in this case, this process may lay the foundations for
the closed-loop recycling of end of life tires. Hereln we report a hydro-
dynamic study (rotating ring-disk elec trode, RRDE) on the half-cell, as is
the best practice for ORR catalyst p

2. Experimental section
2.1, Fabrication of materials

A commercial tire (Michelin model Agills 81-195/65 R16C) was
chopped Into chip (8cm”) samples. The tire chips were first dried for
24 hat 338K in a ventilated oven, The pyrolysis were carried out in a
microwave oven working at 2,45 GHz, with two external microwave

each having an ab: of 1.2 kW electric power for a total
of 2.4 KW, capable of delivering up to 2 KW of microwave power inside
the oven. The oven was designed and produced by Microglass sl (Por-
denone, Italy). The oven was also equipped with a wide angle measuring
infrared thermometer. As just reported in previous papers the infrared
provides an average within the tyres mass and

the surrounding gas.

Samples were placed in a 500 mL borosilicate Erlenmeyer flask in-

TEM-EDX analysis was carried out on a TEM CM 12 PHILIPS in-
strument with CRYO-GATAN UHRST 3500¢ microanalysis EDAX.

2.3, Electrochemical measurements

Rotating ring disk electrode (RRDE) cyclic voltammetrry (CV) and
Linear Sweep sV were performed in a
Pyrextm (Princeton Applied Research) glass cell filled with a 0.1 M KOH
solution. The de was 4 Ag/AgCl/sat. KCl
(Princeton Applied Research) with a potential of + 197 mV respect to the
NHE. A platinum wire was used as counter electrode. A PGSTAT 100 N
bi-potentiostat was used 10 perform the experiments,

The ring current was recorded simultancously with the disk current.
Mensurements were performed using a ring-disk electrode (Eb Series)
from Pine Instrument Co. Consisting of & glassy carbon (GC) disk insen
(o Smm; A~ 0,196 cm2) and a Pt ring (A - 0.11¢m?). The RRDE
measurements were carried out using a modulated speed rotator (MSR)
model 636 A from Pine Instrument Co, The working electrode for RRDE
measurements was prepared as follows: catalyst (10 mg) was dispersed
in 0.220 g of water, 0,112 g of ethanol and 0.084 g of & Nafion solution
(5 wt in lower aliphatic alcohols and water). The resulting ink was
sonicated for 30-45 min and was drop cast onto the glassy carbon
clectrode (3 mg). The as-prepared electrode was then dried at room
temperature. All RRDE experiments were carried ont at a scan rate of 5
mV/s and it 1600 revolutions per minute (rpm) in the potential range
from - 0.85 10 +0.1 V v Ag/AgCl/sat. KCIin alkaline medium, while the
Pt ring electrode was held at a potential of ~0.50 V, Galvanostatic
analysis at selected potentinl values were performed within a 300 s
framework, Ny or Oy were used to purge the solution and achieve an O
free or an Ogsaturated electrolyte solution, To assess the number of

per Oy during the ORR process,
the fractional ylelds of HO; were calculated from the RRDE experiments
as;

X HOp « Qi /NWhia + bnog™)
the electron transfer number was calculated by:
N 2w HOp = & o 110 = 3 Ly Mgy + Lp/N)

The HO; collection efficiency of the ring electrode N (N < L /lyu)
[27] was determined experimentally for each sample. Calibration was
performed using the K Fe(CN), redox couple. LSVs for 10 ppm KFe

side the oven; the liquid and gas formed during pyrolysis were d
from the solid char residue that remained in the flask inside the oven. A

(CN)y, were in Ny KOH 0.1 M solution at
1600 rpm using & SmV/s p | scan rate 10 I
the

sample of commercial tire was treated using the
Assisted Pyrolysis (MAP) conditions (2.4 kW, 10 min) under inert at-
mosphere (N2) [8,11,12], This sample was then subjected 1o further heat
treatments ax follows. Samples were placed in quartz vials and treated
for 1 hat 4 different temperatures (150°C, 300 °C, 450 °C or 600 °C)
within a conventional oven under static alr.

2.2. Physical characterization

analysis was perf d using a P ) CHNS/O
Analyzer model 2400 series Il (CHNed by nitrog). Information on the
BET surface area and pore was by P
isotherm using a Coulter SA 3100 and X ray p-Comp
Tomography (-CT) data set using a Brukee Skyscan 1172. Metal content
was evaluated through lon coupled plasma-mass spectroscopy (1ICP-MS)
analysis, carried out using a MW minerallzer, CEM Mars Xpress and 1CP-
MS thermo Xseries2.
Crystal lattice and were

by X-Ray

number. The number of exchanged electron per Oy
molecule (0 e7) are reported. A commercial Metrohm Pl wailine
electrode (0 3 mm) was emp w0 the perfc of the
materials presented (n this report. Acld treatment.

2.4, Acid ereatment

The sample obtained by heat treatment at 450 'C was treated with a
1:1 (viv) mixture of 98% H SOy and 70% HNOy for 24 h at room tem-
perature, followed by washing with deionized water and drying.
3. Results and discussion
3.1. Preparation and characterization

Chars possessing different physical, chemical and catalytic proper-

ties were obtained by varying the MAP conditions as described (n our
previous reports [10,11,16-24], The most promising sample in terms of
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porosity, specific surface area and electrocatalytic activity, was used to
study the ORR activity after further heat treatment under controlled
conditions (Table 1). Refer to the SI for analysis of the varions CHAR
materials. The chosen starting material was obtained from a sample of

il tire by pyrolysis MAP o (24kW, 10 min) under
Inert atmosphere (N3), This material was then heat treated for 1 b at four
temperatures (150, 300, 450, 600 'C) under static wir conditions. All
samples were characterized with respect to their chemical composition
(CHN elemental analyses), metal content (ICP-MS), specific surface area
(nitrogen adsorption isotherms) and porosity /moephology (X my §-CT):
these data are reported in Tubles | and 2 and Tables S1 and 82,

Table 1 lists important data reg; 1% the and
BET surface area. Heating the starting CHAR material leads 1o a decrease
in the %C due to partial oxidative decomposition of the carbon in the
sample in the presence of oxygen from the air, In the sample peepared at
600 °C this process is aimost complete. The most important change
observed is the large increase In BET surface area and pore volume for
the sample prepared at 450 'C (72-296 m” g ' and 0.46-1.03cm’g )
The Increase in surface area is also apparent from X ray j-<CT analysis.
The three dimensional reconstruction shown In Fig. | depicts the
microstructure shifting from a solid coal-like materials towards a
sponge-like architecture, demonstrating & major increment in porosity/
exposed surface. The effect of heat treatment depends strongly upon the
temperature used, Samples were heat-treated in static ale: at 150 and
300 °C a limited and similar mass loss {about 30%) was observed, while
the sample treated at 600 °C an almost
losing about 97% of ity weight. TG analysis confirms the nature of the
sample decomposition during heating. Fig. 2(a) shows TG analysis dats
of the CHAR under ale, at a temperature ramp of 200 min~'. The sample
is stable up to around 400 “C, when weight losy accelerated and by
600 “C more than 90% of the sample sublimated. A sample of CHAR held
At 450 °C in air for 1 h (Fig. 2(b)) exhibits a constant loss of weight
through combustion (20-25 ug min'). After 1 h about 50% of the
sample weight had been lost, For this reason the preparation time was
held at 1 hoas further exposure 1o alr at this temperature would lead 1o
complete combustion of the sample. As anticipated, various metals are
found in significant amounts within the starting material: in order of
abundance Zn (up to 85000 ppm), due to its widespread use as accel-
erator for the vilcanization process, followed by Fe (up to 5000 ppm)
[21], Cu, Co, NI, Cd and Cr (Table 1) [22]. In addition, analysis of the
metals present after acld treatment of the sample at 450 *C shows a large
quantity of Zn has been removed. The high BET surface area and pore
volume is also maintained after acid treatment (Table 55)

XRPD traces of each sample are shown In Fig. 1. The patterns show
the presence of several crystalline (norga i de
the simultancous presence of different transition metals in the form of
mixed sulfides and oxides, with a marked prevalence of || ZnS, The
treatment at high temperatures has a major impact on the chemical
properties, affecting the concentration and nature of the particulate
metal containing species embedded in the char starting material,
Moreover, there is & marked shift from metal sulfide to metal oxide
components, that results from the oxidation of sulfur to volatile S0,
causing a net decrease in sulfur content. Overall, this results in an
enrichment in metal oxides, with ZnO replacing || ZnS as the main
Inorganic component in a temperature dependent fashion,

Table |
Phiysical properties.
Sample  wt et m' Pore vobame cm Porw sunface avex m*
s ¥ z ' !
CHAR 7 046 o1
150 0 0 0.5 an
0 » £ s o
0 = . 1m 196
w0 w ® o6 "

W
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Table 2

Metal content from ICP-MS snalysis. Values in ppm (mg/kg)
Samiple Y G e N
aue ¢ 1 w20 7 o84 " 1760
oo a9 o " “a T n L
450 alter weid wash 14 noom . ) 1200

Fig. 1. Morphological features of the CHAR sample before (upper left) wnd
ater (upper right) anncaling at 450 “C in N; according to their XRD pCT theee.
dimenslonal reconstructions and metal particle distribution (gold colored) of
sample 450, (For interpretation of the references 1o color in this figure legend,
the reader iy refermed w the Web version of this artiele.)

Fig. 2 TG analysis of CHAR stacting naterial s aie, a) ranp from 40 16 900 °C
At 20" min " and b) mamp 40450 °C (20" min ') followed by stable temper-
ature 450 'C

* 700
. ZnS

Tnteasdty (au)
.

-
Thhera ™y

Fig, 3. Powder XRD analysis of treated samples; a) 600 “C, b) 450 °C, ¢) 300 ¢
und d) 130°C

The nanoscale surfuce morphology of the samples prepared at 150,
300 and 450 *C was investigated using TEM. Representative images are
shown In Fig. 4 and also in the SL Genemlly, the samples are
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characterized by agglomerated carbon particles (30-50 nm). Large
metal crystallites of ZnO can also be observed in clusters in the sample
prepared at 450 “C, in agreement with the XRD analysis. EDX analysis
confirms the eles al composition as ZnS in the materials treated at
150 and 300 “C (Figs. S3-85), The sample prepared at 450 “C shows a
similar morphology: the EDX analysis however shows the loss of § from
the Zn particles, confirming the transformation of ZnS to Zn0O as
observed in the XRD analysis (see SI for complete EDX analysis) (see
Fig. 4).

3.2 Electrochemical charocterization

At first, we have studied the electrochemical behavior of each sample
by cyclic voltammetry in 0.1 M KOH (pH = 13) purged with either N; or
0. Cyclic voltammograms (CVs) for the four representative samples are
shown in Fig. 5. In all cases, a clear and irreversible oxygen reduction
peak that is not present under No-saturated conditions is observed under
Oz (black vs. red curve). A summary of the electrochemical data is also
presented in Table 3,

The electrochemical data in Table 3 and the RRDE analysis presented
In Fig. b reveal that the samples annealed at 150 °C and 300 ° C exhibit
catalytic properties closely related to that of the parent CHAR material
(see SI for CHAR CV), with at best a very slight anodic shift of the E**™
[25]. Such a shift is increased significantly for the 450° sample, which
demonstrates a major enhancement with respect to the starting material,
maintaining a high number of transferred electrons per O3 molecule
while possessing an E°™ value (-0.09 V vs. Ag/AgCl/sar. KCI), shifted
much closer to the Pt electrode benchmark compared to the precursor
material (Fig. 6). The material prepared at 600 “C Is, instead, the worst
catalyst reported in this paper. The material prepared at 450 'C shows
the best performance as it represents a compromise between the
enhancement of porosity and specific surface area, promoting catalytic
activity, and the retention of the carbon structure 1o suppoct electron
transfer processes (i.e. enabling significant conductivity).

This that physical , L.e. the microstructure of
the samples and their ability to support electron transfer, mainly
dy d by the heat di with the
observed catalytic perf The chemical which s
also modified by the heat treatment process as discussed previously, also
plays a major role in the enhancement of catalytic activity. Relevant
changes in the material can be rationalized in three main categories: 1)
relative increase of metal content, Ii) overall reduction of § content, i)
conversion of Zn sulfide into Zn oxide. At relatively low temperature (e.
£ 150-300 °C), the CHAR Joses about 30% of its weight upon heating:
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Table 3
Synopsis of electroc*ta’yric data
Sample K, AU
Vi 5 Y
¢ ne Cned'N ne Galed'N e “wiod “Averaged
Ly
CHAK o2 165 (0.248)
150 o2 165 (0.27) 3.50
wo e 147 (0.259) arn
50 00s 162 (D.25%4) 163 pE)
00 02e 15
" nos 4.0
4501 oan 1K

d sumple 450 after acid treatment
* va Ag/AgCl/sat KCH
¥ disk potential ~0.55 V vs Ag/AgCl/satKCl; ring potential +0.50 V vs Ag/
AgCl/sat. KCL
Number of exchanged electrons per 02 molecule (n e-) according to
emgurical collection numbers N Emp. (in brackets).
* Number of exchanged electrons per O2 molecule (n e~) according 1o theo.

according to XRD (Fig. 1) the ZnS is not T into Zn0);
the metal quantity are expected to increase due to the mass loss, as it fs
reasonable that those metals are not lost during heat treatment.

L !
Fig. 4. TEM images of treated samples; A) 150°C, B) 300 ‘C, C) and D) 450 °C,,

Scale bars 200 nm. The region indicated by a circle contains large ZnO cryy
tallites in the 450 sample (scale bars < 200 nm).

retical coll number N Th. = 0.256; taken from ref 15.
* Yime average of o e-over 3005 working time
! Calculated from Rorating Rind Disk Electrode (RRDE) experiments

The {) ZnS, which is the prime inorganic component of the CHAR, is
gradually replaced by ZnO at higher heat treatment temperature, This Is
probably the most important point, as ZnO possesses different electrical
properties, namely a lower bandgap than ZnS, and significantly lower
band edges, facilitating electron hopping [26]. This may indeed promote
electron transfer processes as also reported in the framework of photo-
catalytic water splitting. Moreover, it has been recently demonstrated
that nanosized ZnO obtained by cakination of ZnS exhibits enhanced
catalytic prop: comp, 0 | or directly prep 200
nanoparticles. However, it is noteworthy that the transformation of Zn$
to Zn0O is known to produce a superior amount of oxygen vacancies
compared to directly prepared ZnO nanoparticles due to the atomic size
difference between O and S, which causes a lattice mismatch during the
conversion of the sulfide into oxide. Such Intrinsic features can boost
catalytic activity, These factors can also explain the noticeable
enhancement in catalytic activity observed for heat treated samples, the
main reason being the shifting in the nature of active sites from,

ZnS 10 ZnO). Most likely, the overall increase of ZnO content together
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¥ig. 6. ORK RRDE electrocatalytic performance of samples obtained from the
beat treatment of the CHAR. a) Ring and b) Disk currents are shown respec.
tively. The activity of the CHAR #"d commercial Pt (no ring data) 'wor'ing
electrode are reported ‘¥ “en"hmarks.

with a large increase in surface area provide synergistic contributions to
the overall catalytic performances.

The sample prepared at 450 “C was found 10 be the best compromise
for the maximization of the catalytic activity. Due to its remarkable
performance we decided to further characterize the material conceming
Its short-time stability (300 s). RRDE was used in galvanostatic mode to
simulate a working fuel cell at a fixed potential. The disk electrode po-
tential was beld at 0,55 V and the ring electrode was held at +0.50 V
vi. Ag/AgClisat. KCI, respectively, for 300 s, Fig. 7 shows plots of the
galvanostatic analysis results. After a few seconds the current density
reaches constant values for ring and disk current densities, which remain
constant during the analysis, indicating the robustness of the catalyst.
The timeaveraged number of exchanged electrons per Oy molecule
(3.69) shows that direct conversion to water is the main process. Also,
the results are in perfect agreement with those observed from RRDE
LSVs analysis (Table 3). The ORR activity was studied after the acid
treatment and it was found that it is essentially unchanged (Fig. 6). A
slightly worse onset potential is observed but the material performs
better in terms of electrons transferred and a lower production of HO;
(Fig. 5 and Table 3), Despite a large quantity of zinc was removed with
the acid treatment, there is still sufficient ZnO present for the catalysis of
the ORR.

4. Conclusion

In this paper we demonstrate a novel approach for the reuse of a
problematic waste such as waste tires. The chars obtained from pyrol-
ysis, considered 1o have little to no economic value, may instead be
transformed through a simple heat treatment into highly efficient cat-
alysts for the ORR at virtually no cost and free from precious metals. The
electrocatalytic behavior of the samples has been fully characterized and
correlated to the physico-chemical and electrochemical properties. The
catalyst physical properties, particularly the microstructure, porosity
and specific surface area have been igated. During heat
the |1 ZnoS present is converted into Zn0O, together with a significant

"
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Fig. 7. Shoct-time stability test (galvanostatic RROE experiment) for the sam-
ple annealed at 450 'C; (a) ring and disk currents, together with the number of
exchanged electrons per O, molecule over time; (b) relative percentage pro-
duction of HyO and H,0,

increase in total metal content. The sample prepared at 450 *C exhibits
an onset potential for the ORR of - 110 mV compared to a Pt electrode
and a conversion efficiency of O; into H;0, above 85%, Moreover, this
catalyst proved stable at constant potential. This study has shown that
waste CHAR derived from end of life tires can be casily transformed into
# high performance electrocatalyst for the ORR. In further studies we are
going 10 assess the performance of a complete alkaline fuel cell and
acidic half-cell studies. We strongly believe that those findings will
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Recycling of Waste Automobile Tires: Transforming Char in
Oxygen Reduction Reaction Catalysts for Fuel cells
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Synthesis of CHAR materials by MAP

The analyzed samples were obtained from a commercial tire waste (Michelin model Agilis 81- 195/65
R16C). The starting material was chopped into 2 cm x 2 cm chips and dried for 24 h at 65 °C in a ventilated
oven before each experiment. The pyrolysis tests were carried out in an oven capable of up to 6 kW
microwave (MW) power (Figure S1). A wide-angle measuring infrared thermometer completed the heating
system. Equal amounts of chopped tire masses (m) were pyrolyzed at different MW power (P) under inert
atmosphere (N,). Experimental conditions are given in Table S1. Effects of different specific powers (MW
power to sample mass ratio, P/m) in the 24-48 kW/kg range have been explored to obtain the CHAR_1 to
CHAR_4 sample pool (Table S1), resulting in different chemico-physical properties. Prior to heating, each of
the samples was inserted inside the oven in a borosilicate flask connected to a glass condensing system, so
that liquids and gases could be collected in a flask and in a gasometer, respectively. Pyrolysis experiments
were stopped and considered complete when no further gas evolution was detected, assuming that all
susceptible organic material has been detached from the residue; hence, pyrolytic time was also specific
power dependent (Table S1). The CHAR samples were recovered from the reactor as brittle pieces, milled
to a homogeneous powder, separated from the leftover metal wires originally present in the tire with a
magnet, and finally stored in a desiccator.
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Figure S1: MAP apparatus.

Table S1. a) Experimental conditions for MAP treatment of tire samples: parameters and data; b)
Experimental condition for CHAR heat treatment parameters and data

a) MW Power (W) Tyre Char Solid Yield MAP Time Specific Power
o sample (g) Weight (g) (wt%) (min)’ (kW/kg)®
CHAR_1 1200 50 26.50 53 37 24
CHAR_2 1600 50 24.50 49 25 32
CHAR_3 1800 50 24.50 49 20 36
CHAR_4 2400 50 24.00 48 11 48
b) Temperature °C Char Char Solid Yield Heating Time (min)
Heating Weight Weight (wt%)

before (mg)  after (mg)
150 150 204 15.1 74 60
300 300 195 140 72 60
450 450 189 10.8 43 60
600 600 27.1 1.2 45 60

“ Completion time evaluated as the time after which no further gas evolution could be detected;

" MW Power (P) to mass (m) ratio (P/m).
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Table S2. CHN Elemental analysis, BET specific surface area and X ray p-CT data for all MAP samples

Sampl El / BET X ray u-CT
Analysis area (m’/g) Surface/Volume
%C %H %N
CHAR_1 86.97 100 0.33 29.60 74
CHAR_2 89.14 0.82 0.58 34.38 65.0
CHAR_3 8568 067 035 41.30 15.7
CHAR_4 89.77 061 026 72.40 191.5

Table S3. Metal content from ICP-MS analysis. Values in ppm (mg/kg)

Sample Cd Co Cr Cu Fe Ni 2Zn

CHAR_1 30 30 20 71.0 973 22 2980
CHAR_2 24 348 50 129 674 26 3180
CHAR_3 1.8 30.1 20 132 3543 18 2820
CHAR_4 31 162 20 72 984 13 3760

Table S4. Synopsis of electrocatalytic activity of all CHAR samples

Sample  Eu°(V) RRDE®

ne Caled.
CHAR_1 -0.26 3.08 (0.249)
CHAR_2 -0.21 3.18 (0.252)
CHAR_3 0.21 3.24 (0.225)
CHAR_4 -0.21 3.65 (0.248)

?vs. Ag/AgCl/sat.KCl;
" disk potential -0.55 V vs Ag/AgCl/sat.KCl; ring potential +0.50 V vs Ag/AgCl/sat. KCI;

“ Number of exchanged electrons per O; molecule (n e’) according to empirical collection numbers N Emp
(in brackets);
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Figure S2. RRDE electrocatalytic performance for the ORR of CHAR materials from MAP. (Lower) Disk and

(upper) Ring currents
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TEM-EDX analysis

TEM analysis has been carried out on samples (150, 300, 450) combined with EDX analysis.

Figure S3 SAMPLE150

Bar | pym

Tv4

i

Bar 500 nm

EDX Tv2
Element i\}ighl % |
CK 824 |
0K 12|
SK 0.6
/nK 1.1 |
Au L 14.6 I
l'otal 1000 |

Fe K

0.3
/n K 8.9
Au K 17.7__ |
lotal 100.0

».. -
e -
- um "
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Figure S4 SAMPLE 300

Tv2 EDX Tv2
\ 3
|
|
Bar 500 nm S 5 TR g
[Tv3 EDX Tv3
[
|
Bar | pm — R e
‘ Tvs EDX Tv5

Bar2ym

EDX Tv2 EDX Tv3 EDX TvS
Element | Weight % | | Element | Weight % | [ Element | Weight %

CK 78.7 CK 68.2 | CK 27.6
OK_ 1.9 | OK | 14 AIK | 03

 SiK 0.2 SK 1.1 SiK 0.4

| _SK 0.5 | ZnK | 26 SK 59
ZnK 0.9 | _Aul 26.8 ZnK | 162 |
AuK 17.7 T'otal 1000 | Aul 197
Total 100.0 Total | 1000 |
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Figure S5 SAMPLE 450
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EDX Tv10 EDX Tvl1l EDX Tvi2 EDX Tvlé
Element Weight % @Iemenl Weight % Element | Weight % Element | Weight % |
CK | 401 [cK 70.6 CK 87.0 | CK 67.3
_OK | 16 [ oK 53 OK 3.3 OK 3.4
| SK | 141 [ sk 04 | [sK 03| [SK_| 02 |
ZnK 34.1 [Cak | 02 | ZnK 13 | [ ZnK .4
Au L 10.1 nK 12.6 Aul 8. | _Aul 27.6
Total 100.0 Aul 11.0 |__Total 100.0 l'otal 100.0
| _Total | 100.0
Table S5: Physisorption data.
I P 2
Sample Surface area BET (m?g?) Total por3e vlo ume ore sudaie area (m
(em? g?) g?)
150 45.6697 0.553295 55.6890
300 54.7288 0.554955 61.3026
450 295.8339 1.028325 195.8634
600 82.9960 0.619985 76.1633
450_L 230.8507 0.761477 123.3706
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Figure S6: Absorption isotherm for sample

Figure S7: Absorption isotherm for sample 300
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Figure S8: Absorption isotherm for sample 450

Figure S9: Absorption isotherm for sample 600
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7 Assembly stack Fuel cell

7 Assembly stack Fuel cell

To complete the research of my work, the complete fuel cell was tested for
each electrocatalyst studied. As previously described, a cell fuel is an
electrochemical device in which it converts the free energy of the
spontaneous chemical reaction into electrical energy. A specific electrolyte
separates the two electrodes of a cell, anode and cathode, where oxidation
and reduction reactions occur respectively. The fuel is fed to the anode and
during the oxidation reaction the electrons are released at the anode catalyst
layer. The electrons generated on the negative electrode through an external
circuit flow towards the positive electrode where the reduction reaction
occurs (reduction of an comb rent, oxygen or air). To closing the circuit, a
flow of ionic species occurs in the electrolyte. Fuel cell may operate under
continues flow of fuel (active fuel cell) or operate consuming the fuel

contained in an tank directly connected to the anode (passive fuel cell).

7.1 Component of fuel cell

The core of a fuel cell is the so-called membrane electrode assembly
(MEA). MEA the true "soul" of the fuel cell, is a sheet in which the solid
electrolyte is located between the anode and cathode layers (also the gas
diffusion layers) as in a “sandwich”.

Polymer Electrolyte Membrane (PEM) is membrane designed to conduct
proton or hydroxyl ions while they don’t allow the passage of gaseous
species such hydrogen and oxygen. This is fundamental condition to avoid
the “crossover” of reactants with the loses of efficiency. PEMs are
constituted by pure or composite polymer membranes Moreover it can be

embedded with other materials into their polymer matrix. The essential
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requisites for a membrane to be a good candidate for application in fuel cell

are the following:

High conductivity, to guarantees low ohmic losses

Low permeability for reactants, to guarantees high efficiency to avoid
the crossover of the fuel and second to evited the possibility of the
cathode electro catalyst to operate both for oxidation of the fuel and
oxygen reduction.

Homogeneity of thickness, to avoid the formation of so called “hot
spot” caused by a not homogeneous thickness that could be bring a
differences local current density (high temperature) that may lead to
local membrane breakdown.

Good thermal stability, cell temperatures may reach up to over 80°C
and its durability is required.

Good mechanical resistance.

7.1.1 Catalyst Layers

The anode and cathode electrodes of a fuel cell are made by a two separated

catalyst layers deposited on to opposite site of the PEM. The essential

requisites for a catalyst layer to be a good candidate for application in fuel

cell are the following:

High surface area support material, to guarantees the dispersion of the
electroactive material and also allows the fast transport of products and
reactants. Moreover, to drive the electrons to the current collectors and
to the external circuit, for this reason the support materials must have a
good conductivity. At the end the stability represents a fundamental
require as to avoid the corrosion phenomena especially on the cathode

side.
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e Electroactive phase, in fuel cell representative a crucial step in oxygen
reduction reaction to enhance the velocity of the kinetics of the
spontaneous reaction.

e The ionomer, to guarantees un additional ionic conductivity to the
catalyst layers. Usually the ionomer is constituted by a number of
monomeric units of polymer which constitute the PEM.

e Abinder, its role is this hold together all components, above described.

Gas Diffusion Layer (GDL)

GDLs are usually made of carbon-fibre materials and their roles are:

¢ Distributes gases homogeneously, to prevent local hotspot and catalyst
flooding (removing heat and excess water)

e To collect the electrons to or from a metal collector located beside of
the GDL

To complete the fuel cell stack, it needs the presence of bipolar plates

(usually high density graphite) to electrically connect each single cell,

supply reagent gases and remove reaction products from MEA

7.2 FCs Performance parameters

7.2.1 Polarization characteristics

The quality and performance of FCs are joint to a variety of irreversible
losses. The polarization curves are the way to valuated the losses in a fuel
cell, here in were recorded a potential value output in response the applied
electrical loading. Figure 7.1 showed three distinct polarization region in a

real fuel cell:

124



7 Assembly stack Fuel cell

e Activation region (I]act), the potential value 1is determinate
electrochemical kinetics (overpotential for both anode and cathode
reactions)

e Ohmic region polarization region, in this case the losses depend and
obey Ohm’s law (enhancement of the electrical resistance both the
electronic, ionic conductors and quality of the contacts)

e Polarization of concentration, this type of loss occurs during the limits
of mass transport and came from a depletion of reactant concentration
in proximity of electrode. This phenomena be due to slow diffusion of
the fuel through the electrode pores, solution/dissolution of
reactants/products into/out of the electrolyte and the diffusion of
reactants/products through the electrolyte to/from the electrochemical

reaction site

V/E % Na

Ne

Fig. 7.1 Polarization and power density curves

Power density curve show a different graphical system to representation of
the polarization curve. In this case, the correlation is between the current

density and power density (define as the product of J and the potential)
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7.2.2 Main operating parameters

The FC performances are closely linked, in addition to the nature of the

catalyst, the MEA and the fuel, a specific operating condition:

Temperature; Higher temperature, in addition to improve kinetics
sluggish, increases the mass transport properties such as diffusion and
even charge transport in ionic conductors. Working over 100°C
temperature is dangerous for the stability of the PEM and al great
production of water at cathode can bring a diminution of the partial
pressure of oxygen. For practical purpose it is widely recognized the
safety of the PEM and the better temperature for the PEMFCs is around
80°C.

Stoichiometric Ratio; represent the ratio between the amount of actual
reactant and reactant needed to exactly complete a reaction. A higher
stoichiometric ratio increases the possibility that sufficient reactant
reacts at each electrodes of Fuel Cell. In the case of PEMFCs fed with
H2/02, the good value is around 2.

Gas pressure (liquid fuel concentration), partial pressure of gas reactant
influenced strongly the performance of FCs. Although increase the
value of the pressure the performance of FCs improve, high pressure
requires more sophisticated device and may create problems like
leakage The optimal operating working range for the fuel cell is among
1 and 3 atm.

Humidity, the right humidification, the amount of water, allows the
membrane to correctly transport of protons as water molecules. On the

other hand excessive humidification leads a flooding phenomenal.
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Operating working, FCs require gas supply with precise control of the

relative humidity.

Introduction

State of the art low temperature proton exchange membrane fuel cells
(PEM-FCs) are compact, yet high power-density systems ideal for
automotive application [1]. 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, are 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. H2/O: fed anion exchange membrane fuel
cells (AEM-FCs) are the most attractive alternative to traditional PEMFCs.
In fact, the alkaline environment is less corrosive for FC components and
allows in principle the use of non-noble metal based catalysts [2,3,4].
Platinum-based electrocatalysts are the main limiting factor hindering the
large scale development of proton exchange membrane fuel cells, due to
the high cost of this metal and to the high Pt loading necessary to speed up
the sluggish ORR reaction in H2/O2 PEMFCs . Another limiting factor of
platinum based catalysts is the CO poisoning effect. 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 [5-7].

Operating in an alkaline environment is the only way to overcome these
issues as in principle non platinum electrocatalysts, even non noble based

electrocatalysts, can be used and the reactions kinetics are generally faster
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with respect to acidic conditions. Alkaline conditions are also much less
corrosive for FCs components . The main drawback of traditional Alkaline
Fuel Cells is the liquid electrolyte, a highly concentrated KOH aqueous
solution, that suffers from drying and flooding effects and of poisoning due
to absorption of atmospheric CO2 [5,7].

Regarding the cathodic catalyst, in alkaline environment platinum can be
replaced by choice of non-noble metals In this regard the potential cathode
electrocatalyst object of this research project, above described and studied

in half cell, was tested in complete fuel cell.

7.3 Experimental Section (Fuel cell testing)

7.3.1 Membrane electrode assembly (MEA) fabrication

The anodic and the cathodic electrodes (5 cm?) were obtained by spreading
an ink of the catalytic powder sprayed onto a Toray TGP-H-60 carbon
paper gas diffusion substrate (Alfa Aesar, non-teflonated), and dried in air

(Fig. 7.2)

Fig. 7.2 Spreading ink of the catalytic powder sequences onto a Toray

TGP-H-60; a)
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The inks were prepared by mixing the catalytic powder with bidistilled
water, 2-propanol and the radiationgrafted ETFE-based anion-exchange
ionomer powder (IEC =1.24 0.06 mmol g/1) [10] in a 5 mL high density
polyethylene vial [10]. The mixture was suspended with three pulses of
ultrasound of 20 W power at the frequency of 20 kHz (Bandelin Sonor
pulse UW 2200 SERIES) for 30 min. The choice of the cathodic catalyst
for the complete cell test was made on the basis of the samples being
studied in this thesis which obtained the best results in half a cell: Eon,
number of electrons for the O> molecule. The table 7.1shows the catalyst
used for cathode inks and the relative quantity of catalyst for the surface
unit in addition to the value of the precious metal (sample of PA-MWCNT).
For all MEAs were used the same anodic electrodes contening 0,489
mgpruc.¥cm™ using a catalytic powder composite of PtRu/C (20 wt% Pt

and 10 wt% Ru) for the preparation of the ink. [11].

Entry Cathode Catalyst Mgy *cm? Mgpg*cm™
MEAS09 CH_4_450° 1,00
MEAS10 CH_4_450° 1,35
MEAS511/513 MWCNT HL2 2,86 0,064
Pd(II) 86,1%

Table 7.1 Cathode catalyst loading

The anion exchange solid polymer membrane used in the AEM-FCs was a
high-density polyethylene (HDPE)-based radiation-grafted anion-
exchange membrane (RG-AEM) [10] that achieves a surprisingly high
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peak power density and a low in situ degradation rate (with configurations
tailored to each)

All electrodes and AEMs were immersed in aqueous KOH solution (1 M)
for 1 h and then washed thoroughly in water (to remove excess KOH)

before assembly into a 5 cm? fuel cell fixture using 5 m torque (Fig. 7.3).

Fig. 7.3 Membrane Electrodes Assembly

7.3.2 Fuel cell performance data collection

An 850e fuel cell test station (Scribner Associates, USA) was used for
testing. The fuel cell temperature and the dew point for both supplies of
anode and cathode gas (calculated relative humidity, UR) were chosen in
order to determine the best operating condition to obtain the maximum
efficiency of the cell in terms of specific power supplied. These values will
be reported in the following paragraphs for each sample/ experiments. All
followers (heated lines between the fuel cell tester and the fuel cell device)
were set to the same temperatures as the gas dew points. H> and O gas
feeds with flow rates of 1 and 2 L min~! (SLPM) were supplied to the anode

and cathode, respectively, with no back-pressurization. The MEAs were
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activated by discharging the cell at a constant voltage of 0.5 V during cell
heating, until a steady current density was observed. Beginning-of-life
AEMEFC performance data were collected under controlled galvanostatic
discharge steps where data (at each current density) were recorded after
potentials had stabilized. The internal ohm resistances were estimated using

the 850e instrument's internal current interrupt method.

7.3.3 MEA Sample CH_4_450°
The table 7.2 shows the operating parameters for the study of the
polarization and power density curves (Fig. 7.4) of the various scans

relating to MEA_509.

Sample OCV | Tem | Temp | Temp Flow Flow RH RH Resistanc
V) p Catho | Anode Cathode Anode Catho Ano e
(°C) de (°C) (I/min) (Vmin) | de (%) de milli omh
(&) (%)
MEAS09_ | 72,6 65 62 62 1,95 0,97 87 87 27
1 6
MEAS09_ | 76,1 65 62 62 1,95 0,97 87 87 14-15
2 8
MEAS09_ | 75,8 65 62 62 1,95 0,97 87 87 14-15
3 7
MEAS09_ | 74,8 64 62 62 1,94 1,95 91 91 14-15
4 0
MEAS509_ | 75,7 65 62 62 1,94 1,94 87 87 13-14
5 2

Table 7.2 MEAS509 Operating parameters
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Fig. 7.4 Polarization and power density curves for the MEA 509

The results relating to the performance of the complete cell of the
CH_4_450 ° sample are summarized in table 7.3. It is possible to observe

the achievement of a peak of power density in the scan 4, of 132 mW / cm?.

Sample J Power Power E J (MAX) Power Power E
Density Density
(MAX) (MAX)
(mA/cm (Watts) (mW/cm?) V) (mA/cm?) (Watts) (mW/cm?) V)
2
MEA509_1 255,66 0,61643 123,29 0,48223 287,94 0,40463 80,925 0,28105
a 185,97 0,48535 97,069 0,52195 213,95 0,33298 66,596 031127
MEA509
2 b 179,88 0,462 92,399 0,51367 202,03 0,32661 65,321 0,32332
MEA509_3 188 0,47012 94,023 0,50013 208,02 0,31716 63,433 0,30494
MEA509_4 276,02 0,66468 132,94 0,48161 326,12 0,47975 95,95 0,29421
MEAS509_5 131,87 0,35316 70,631 0,53562 141,44 0,3293 65,86 0,46562

Table 7.3 MEA509 Data Analysis

A second complete cell (MEA_510) containing the CH_4_450 ° sample

was assembled using an ink containing a catalyst load greater than about
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30 compared to MEA_509. The table 7.4 shows the operating parameters
relating to the study of polarization and power density curves (Fig. 7.5) of

the various scans relating to MEA_510.

Sample OC | Temp Temp Temp Flow Flow RH RH Resisten
\'% (°C) | Cathode Anode Cathod | Anod | Cathod | Anod cemilli
V) (°C) (°C) e e e e omh
(/min) (%) (%)
(V/mi
n)

MEAS510_1 0,7 55 52 52 1,97 1,00 86 86 16-17
6

MEAS510_2 0,7 59 54 54 1,96 1,00 79 79 22-17
4

MEAS510_3 0,7 50 45 45 1,94 1,01 77 77 20
2

Table 7.4 MEAS509 Operating parameters
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Fig. 7.5 Polarization and power density curves for the MEA510
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The results related to the performance of the MEAS510 are summarized in
table 7.5 It is possible to observe the achievement of a peak of power

density in scan 1 in the first cycle, of just under 150 mW / cm?.

Sample J Power Power E J (MAX) Power Power E
Density Density
(MAX) (MAX)
(mA/cm (Watts) (mW/cm?) V) (mA/cm?) (Watts) (mW/cm?) V)
2)
a 314,51 0,73452 146.9 046709 426,37 0,59649 119,3 0,2798
MEA510 [ b 297,09 0,66619 133.24 0,44848 401,88 0,56924 113,85 0,28329
1

a 206,43 043527 87,054 042172 271,73 0,39765 79,53 0,29269

b 221,87 0,49398 98,795 0,44528 305,88 0,43086 86,173 0.28172

c 224,79 0,51342 102,68 0,4568 311,42 0,43857 87.715 0,28166
MEAZS 10 4 22106 0.51817 103.63 0.46881 308.79 0.44766 89.532 028994
- ¢ 219.94 0,52529 105,06 0,47767 312,63 0,45422 90,843 0,29057

f 22043 0,51897 103,79 0,47087 309,28 0,44943 89,886 0,29063

a 188,53 037371 74742 0,39645 242,31 0,33099 66,198 0,27263

b 182,04 0,36192 72,384 0,39763 233,76 0,32331 64,662 0,27662

c 181,57 0,35251 70,501 0,38829 229.42 0,31941 63,882 0,27845

d 177,63 0,3455 69,101 0,38901 22625 0,3128 62,56 0,2765

MEASI0 ¢ 177,25 0,33968 67.937 0,38329 221,48 031151 62,301 0,2813
3 f 176,96 0,33643 67,287 0,38023 214,14 0,31989 63,978 0.29877

Table 7.5 MEA510 Data Analysis
7.3.4 Discussion MEA CH_4_450°

The results of the complete cells containing as catalysts the carbon coming
from the map of waste tyres, in particular the sample CH_4_450 °, show a
comparable maximum power density, if not slightly better than works
containing carbonaceous materials without noble metals [11]. As expected,
the MEA_510 manages to deliver a greater maximum power to the
MEA_509. This improvement is certainly linked to an increase in the
concentration of (non-noble) metals in the cathode due to a higher catalyst
load in ink preparation. Unfortunately, due to problems related to
overvoltage phenomena due to diffusion, both cells show stability

problems.
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7.3.5 MEA Sample MWCNT HL2 Pd(II)

Table 7.6 shows the operating parameters related to the study of
polarization and power density curves (Fig. 7.6) of the various scans

relating to MEAS11.

Sample oC Temp Temp Temp Flow Flow RH RH Resistence
\% (°C) Cathode Anode Cathode Anode Cathode Anode milli omh
V) (°C) (°C) (I/min) (I/min) (%) (%)
MEA511_1 72 50 45 45 1.97 1.00 77 77 20
MEA511_2 68 60 54 54 1,97 1,00 75 75 27
MEA511_3 69 60 54 54 1,97 1,00 75 75 20
MEA511_4 7,2 60 54 54 1,96 1,00 75 75 22
MEA511_5 69 65 58 58 1,96 1,00 72 72 22

Table 7.6 MEAS511 Operating parameters

0,8 - - 200
0,7 4 A\ P _&‘\ —_—
4 \a 4150 ag
0,6 . 7 b )
/ b
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054 MEA511_2 . 100 =
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I —— MEA511_4 ®
e
0,4 MEA511_5 N\ g
\ a
- 50 £
o
0,3 4 \\ =
o
o
0,2 - / 1o
0,1
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J (mA/cm?)

Fig. 7.6 Polarization and power density curves for the MEAS511
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The results relating to the performance of the complete cell of the MWCNT
HL2 Pd (II) sample are summarized in table 7.7. The performance results
related to MEA_511 are very variable, as in this case the best operating
conditions were looked for with particular attention. It is possible to
observe the achievement of a peak of power density in scan 3, of just under

179 mW / cm?.

Sample J Power Power E J Power Power E
Density (MAX) Density
MAX) (MAX)
(mA/c (Watts) (mW/cm? V) (mA/cm (Watts) (mW/cm? V)
m?) ) ) )
a | 474,03 0,85476 170,95 0,36064 555,02 0,80556 161,11 0,29028
MEAS11_ b 389,69 0,75123 150,25 0,38555 465,82 0,69156 138,31 0,29692
1
a 345,17 0,51518 103,04 0,29851 345,17 0,51518 103,04 0,29851
MEA; I b 353,69 0,52124 104,25 0,29474 353,69 0,52124 104,25 0,29474
MEAS11_3 476.1 0,89552 179,1 0,37619 6184 0,69623 139,25 0,22517
MEAS11_4 434,92 0,83974 167,95 0,38616 554,96 0,66084 132,17 0,23816
a | 407,27 0,83781 167,56 0,41143 522,44 0,6142 122,84 0,23513
MEAS11_ b | 430,52 0,86159 172,32 0,40026 541,94 0,65822 131,64 0,24292
5

Table 7.7 MEAS511 Data Analysis

Once the best operating parameters were identified, a second complete cell
was assembled (MEAS513). Table 7.8 shows the operating parameters
relating to the study of polarization and power density curves (Fig. 7.7) of

the various scans relating to MEAS513.

Sample oC Temp Temp Temp Flow Flow RH RH Resistenc
\% (°C) Cathod Anode Cathode | Anode | Cathode Anode e

V) e (°C) (°C) (/min) (I/min (%) (%) milli omh

)

MEAS13_1 0,62 61 54 54 1,97 1,00 72 72 25
MEAS513_2 0,62 60 54 54 1,97 1,00 75 75 25
MEAS513_3 0,62 60 54 54 1,97 1,00 75 75 23
MEAS513_4 0,65 60 54 54 1,96 1,00 75 75 20

Table 7.8 MEA5‘13 Operating parameters
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Fig. 7.7 Polarization and power density curves for the MEAS513

The results relating to the performance of the MEA_513 are summarized

in table 7.9. It is possible to observe the achievement of a peak of maximum

power density in the scan 4 of over 400 mW / cm?,

Sample J Power Power E J Power Power E
Density (MAX) Density
MAX) (MAX)
(mA/c (Watts) (mW/cm V) (mA/c (Watts) (mW/cm V)
m?) ) m?) )
a 485,9 0,81154 162,31 0,334 539,81 0,79601 159,2 0,29492
MEAS513_ 6
1 b 552,5 0,87554 175,11 0,31691 589,09 0,87208 174,42 0,29608
5
a 549,6 0,96557 193,11 0,35136 802,63 0,7933 158,66 0,19767
MEAS513_ 2
2 b 6139 1,0302 206,04 0,33559 862,67 0,85526 171,05 0,19828
6
a 803,8 1,4216 284,32 0,35371 1193,9 0,57733 115,47 0,09671
MEAS513_ 2
3 b 811,6 1,513 302,6 0,37281 1217,9 0,61984 123,97 0,10179
7
a 901,9 1,6472 329,44 0,36525 1302 0,69879 139,76 0,10734
5
b 958,2 1,746 349,19 0,36441 1397,7 0,74964 149,93 0,10727
5
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7 Assembly stack Fuel cell

c 1148, 1,979 395,8 0,34474 1594,3 1,0081 201,61 0,12646

MEAS513_ | d 12119, 2,0973 419,46 0,34384 1798 0,88232 176,46 0,09815
) e 11927, 2,0173 403,47 0,35782 1613,1 0,79962 159,92 0,09914

f 1025, 1,9711 394,23 0,38065 15375 0,76939 153,88 0,10008

g 10?)7, 1,9522 390,43 0,38757 1470 0,6982 139,64 0,09499

h 1()11, 2,0804 416,08 0,38132 1574,5 0,76063 152,13 0,09662

i 1 1?)8, 2,098 419,61 0,37844 1645,7 0,80729 161,46 0,09811

1 1()25, 2,1234 424,68 0,39112 1671 0,79819 159,64 0,09553

8

Table 7.9 MEAS513 Data Analysis

7.3.6 Discussion MWCNT HL2 Pd(II)

The results of the complete cells containing as a catalyst the MWCNT HL2
Pd (II) sample, show a maximum power density, in particular in MEA_513,
of considerable interest. Specifically, it has been observed that it is able to
deliver a specific power density of 6.25 W / mgpa cm? This result is
comparable, if not slightly higher, to a work by Wang et al. [10] (5 W /
mgpa cm?). This work of literature was taken as a reference, as it presents
the same setup in the assembly of the MEA (anode and AEM) except the
cathode. The behaviour of the MEAs containing the MWCNT HL2 Pd (II)
sample, once the best operating parameters have been found, appears to be
completely different with respect to the cells composed of carbons cathode
catalyst. Surely the explanation of this phenomenon lies in the stabilization
of the catalyst with the increase in the work of the MEA itself, effectively

reducing the overvoltages linked to the diffusion.
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The oxygen reduction reaction (ORR) plays an important role in the
industrial sector, especially in systems for the conversion of chemical
energy into electrical energy, such as fuel cells. However, the technical
applications are limited by the kinetics of the process and the difficulty in
regulating the catalytic activity. To date, platinum is the metal that shows
the greatest catalytic activity but its high cost actually limits its use in a
massive form. In this context, the study of electrocatalysts is aimed at
obtaining catalysts with a low platinum content, up to completely replacing
them with less precious metals or materials. During these three years of
doctorate two types of possible cathodic catalysts have been studied to be
used in fuel cells.

One deriving from the reuse of waste material and one coming
synthetically. In the first case, a pyrolysis coal was tested, using a
microwave oven, out of motor vehicle tires. The second type, multiwalled
carbon nanotubes, functionalized with binders, with and without a metal in
particular palladium were evaluated. While for char obtained from MAP
the winning card lies in the fact that the material used is at "cost O", for the
functionalized carbon nanotubes studied they are an important alternative
to classical catalysts, since the adsorption on the surface of a binder organic
that complex cations of an active metal against ORR, like Pd (II), allows to
obtain catalytic sites constituted by single ions uniformly distributed on the
surface of the nanotube with the consequence of a decrease in terms of mass
of the metal content noble clerk.

Electrochemical parameters such as the average number of electrons
exchanged and the onset potential are considered as keys for understanding

the complex chemistry of the Oz reduction process in an alkaline aqueous
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environment. The experimental methods used to determine the number of
electrons exchanged are the Koutecky-Levich method (RDE) and the
RRDE method.

The data collected in this doctoral thesis study show an excellent
electrocatalytic performance in the reduction of half-cell oxygen both for
the char obtained from MAP of waste tyres, in particular for the
CH_4_450 ° sample and for the MWCNT HL2 Pd (II) synthesis sample
which surprisingly presents a positive potential shift with respect to a
platinum electrode of almost 50 millivolts, besides exchanging almost 4
electrons per water molecule. From the data obtained it can be deduced that
the complexation of Pd (II) of an azamacrocycle (HL2) adsorbed on the
graphitic surface of carbon nanotubes, allows to significantly reduce the
mass of Pd with respect to the catalysts in which the metal is present in the
massive state, without cause loss of catalytic activity.

Subsequently the samples were tested in a complete cell. As regards the
CH_4_450 ° sample, the results obtained confirm only partially those
observed in the half-cell. If on the one hand the results relating to the
maximum power reached are in line with those present in the literature of
similar works which use materials of a carbonaceous nature free of precious
metals as cathode catalysts, the MEA does not seem to have good stability
over time. Although the study on the complete cell presented some
difficulties, it should not be forgotten that the material used comes after a
treatment of a waste. Given that increasing the catalyst load on the MIO
assembly, consequently the quantity of metals, P max tends to increase,
further studies must be carried out in this sector in order to maximize the

improvement of results.
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As regards the performance of the MEA containing the cathodic catalyst
the sample MWCNT HL2 Pd (I), the results obtained are extremely
convincing. In fact the value of the specific maximum power, or the power
density per unit of mass of precious loaded on the catalyst, turns out to be
better than other articles present in the literature. Furthermore, a good level
of performance was observed over time. Certainly further studies must be
carried out as, also in the anodic compartment, the MWCNT HL2 Pd (II)

sample is used both in alkaline and direct alcohol cells.
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Still within and in line with the research project “Electrochemical study,
design and realization of modified substrate of energy interested with low
environmental impacts” carried out in these three years doctorate, in
addition to the study of catalysts for fuel cells, I dealt with carry out further
research in the electrochemical field. In particular I used electrochemical
technique known as electrochemical atomic layer deposition (E-ALD) to
manufacture high-quality monolayers and multilayers of metal on
materials. With E-ALD, we can exploit the potential deposition (UPD)
methodology (i.e., the property of some materials to be deposited as a
monolayer before massive electrochemical deposition). In addition, E-
ALD allows the composition, morphology, and structure of an aqueous
solution at low temperature to be controlled. The major goal of our research
has been to demonstrate that it demonstrates that E-ALD can be used to
efficiently fabricate high-quality monolayers and multilayers of pseudo-2D
materials. This research has resulted in the publication in scientific journals

of the sector.
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Abstract: The Electrochemical Atomic Layer Deposition (E-ALD) technique is used for the deposition
of ultrathin films of bismuth (Bi) compounds. Exploiting the E-ALD, it was possible to obtain
highly controlled nanostructured depositions as needed, for the application of these materials
for novel electronics (topological insulators), thermoelectrics and opto-electronics applications.
Electrochemical studies have been conducted to determine the Underpotential Deposition (UPD) of Bi
on selenium (Se) to obtain the Bi;Ses compound on the Ag (111) electrode. Verifying the composition
with X-ray Photoelectron Spectroscopy (XPS) showed that, after the first monolayer, the deposition of
Se stopped. Thicker deposits were synthesized exploiting a time-controlled deposition of massive Se.
We then investigated the optimal conditions to deposit a single monolayer of metallic Bi directly on
the Ag.

Keywords: bismuth; bismuth selenide; topological insulator; E-ALD; UPD

1. Introduction

Bismuth (Bi) and antimony chalcogenides, where the chalcogenide is selenium (Se) or tellurium
(Te), exhibit excellent thermoelectric properties, achieving thermoelectric figure of merit (ZT) values
of about 1 [1]. These materials commonly crystallize in a rhombohedral structure and exhibit
semiconducting behavior (band gap ~0.3 eV). Beyond thermoelectric behavior, these materials show
an insulating response in the bulk material while exhibiting metallic conductivity at grain boundaries
or surfaces; surface states in particular, are protected via time reversal symmetry, such that electron
scattering does not occur [2]. Recently, it has also been shown that the electrochemical growth of BiySes
at low temperatures results in the formation of an orthorhombic structure with a higher band gap
of about 1.1 eV [3,4]. Of interest, in the context of light absorbers and solar cells, the same behavior

Materials 2018, 11, 1426; doi:10.33%0/mal1081426 www.mdpi.com/journal /materials
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Chapter 5

E-ALD: Tailoring the Optoeletronic Properties of Metal
Chalcogenides on Ag Single Crystals
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Maurizio Passaponti, Francesco Di Benedetto and
Massimo Innocenti

Additional information is available at the end of the chapter
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Abstract

Technological development in nanoelectronics and solar energy devices demands
nanostructured surfaces with controlled geometries and composition. Electrochemical
atomic layer deposition (E-ALD) is recognized as a valid alternative to vacuum and
chemical bath depositions in terms of growth control, quality and performance of
semiconducting systems, such as single 2D semiconductors and multilayered mate-
rials. This chapter is specific to the E-ALD of metal chalcogenides on Ag single crystals
and highlights the electrochemistry for the layer-by-layer deposition of thin films
through surface limited reactions (SLRs). Also discussed herein is the theoretical
framework of the under potential deposition (UPD), whose thermodynamic treatment
open questions to the correct interpretation of the experimental data. Careful design
of the E-ALD process allows fine control over both thickness and composition of the
deposited layers, thus tailoring the optoelectronic properties of semiconductor com-
pounds. Specifically, the possibility to tune the band gap by varying either the number
of deposition cycles or the growth sequence of ternary compounds paves the way
toward the formation of advanced photovoltaic materials.

Keywords: E-ALD, Ag(111), thin films, metal chalcogenides, UPD, photovoltaics

1. Introduction

Improving the efficiency of the deposition techniques of compound semiconductors could be
crucial for the future sustainable micro and nano-electronic industry. A common challenge

I mEc H 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (hitp://creativecommons org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited
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Morphology and Composition of CuzS Ultra-Thin Films Deposited by E-ALD
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CIGS are very promising semiconducting materials for solar
energy conversion, but at the same time are considered unfavorable
for the large scale exploitation. Thus, the scientific community is
focusing attention on new compounds based on economic and low-
environmental impact elements such as Cu, Sn, Fe and Zn.
Exploiting electrodeposition by means of Electrochemical Atomic
Layer Deposition (E-ALD) it is possible to grow ultra-thin films of
semiconductors with tunable properties, such as copper sulphides
films grown on Ag(111) single crystals. Considering the E-ALD
scheme one would expect a CuS hexagonal structure (covellite)
with no any important electronic properties, but recently operando
Surface X-Ray Diffraction (SXRD) studies were able to show the
presence of a chalcocite phase (Cu;S). In this communication we
report a morphological and compositional study, confirming the
composition and morphology expected from the results of the
SXRD operando measurements pointing to the growth of Cu:S by
means of E-ALD.

Introduction

The task for renewable energy resources is focusing the scientific community attention on
the development of new materials, based on economic and low-environmental impact
elements such as Cu, Zn and Sn. These materials are expected to have a very favorable
Full Life Cycle Assessment (FLCA) and are mainly involved in the development of new
semiconductors ultra-thin films. In order to achieve an optimal control of the electronic
and transport properties of the films, it is possible to exploit a deposition technique
alternative to high-pressure and high-temperature methods, called Eletrochemical Atomic
Layer Deposition (E-ALD)."'? This technique is able to build a film monolayer-by-
monolayer, alternating the deposition of a monolayer of a metallic element with one of

Dowmioaded on 2018-02-12 1o 19 180.217.152 218 address Redatributon subject 1o Ecgﬁmd Use (soe ecadl org/sitetenms_use) uniess CC License n place (see absiract)
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ARTICLE INFO ABSTRACT

Electrochemical Atomic Layer Deposition {E-ALD), exploiting surface limited electrodeposition of atomic
layers, can easily grow highly ordered ultra-thin films and 2D structures. Among other compounds
Cu,Zn,S grown by means of E-ALD on Ag{ 111) has been found particularly suitable for the solar energy
conversion due to its band gap (1,61 eV). However its growth seems to be characterized by & micrometric
thiead-like structure, probably overgrowing a smooth ultra-thin films. On this ground, a SXRD investiga

ey s tion has been performed, to address the open questions about the structure and the growth of CuZn, S

Articte history:

Received 8 March 2017

Received in revised form 21 July 2017
Accepted 31 July 2017

Available anline 5 Augist 2017

:;;‘:)“"’ by means of E-ALD. The experiment shows a pseudo single crystal pattem as well as a powder pattern,
FCALE confirming that part of the sample grows epitaxially on the Ag(111) substrate. The growth of the film
E-ALD was by the of the Bragg peaks and Debye rings during the E-ALD steps.
Photovoltaics Breadth and profile analysis of the Bragg peaks jead 1o a qualitative interpretation of the growth mecha-

Water-splitting
Ukra-thin films

nism. This study confirms that Zn kead to the growth of a strained Cu,S-like structure, while the growth
of the thread-like structure is probably driven by the release of the stress from the epitaxial phase.
© 2017 Elsevier B.V. All rights reserved,

1. Introduction on new compounds based on economic and low-environmental

impact elements such as Cu. Sn, Fe and Zn. A possibility to obtain

The energy issue of modern society is linked to the limited avail-
ability of non-renewable fuels coupled to the increasing levels of
global pollution, approaching an environmental overshoot. This
implies the need for a rapid development in materials and tech-
niques for renewable energy applications. An increase in efficiency
and sustainability of the solar cells necessarily requires the use of
materials consisting of elements whose availability will support
the diffusion of the photovoltaic technology at a global level over
the actual extent represented by the silicon-based solar cells. At the
same time, the use of such materials should alowerenvi
mental impact. ina Full Life Cycle Assessment (FLCA), and the device
production must be done through less energy-intensive methods,
thus increasing the Energy Return Over Energy Investment {EROEL).
For these reasons, the scientific community is focusing its attention

* Corresponding author.
E-mafi address: o

glxchenniunii it {A. Glaccherin)

ieg.(febedolong 10,1016y apsesc 2017 07.294
0169-4332/0 2017 Elsevier 8.V, All rights reserved,

high quality thin filin semiconductors relies on exploiting electro-
chemical deposition. This technigue {s a very attractive method to
produce compound semiconductors with different stoichiometry
and high crystallinity because of its easiness of implementation, its
relatively low cost, its capability of growing the selected materials
onto substrates of any shape and dimensions,

Chalcogenide nanomaterials are interesting candidates for
photovoltaic applications due to the reasons well-explained by
Innocenti et al. |1]. Chalcogenides can be grown by means of
Electrochemical Atomic Layer Epitaxy (ECALE) |2, This technique
consists in the electrodeposition of alternating metallic and non-
metallic monolayers in a cycle which can be repeated several times
and which exploits reactions limited by the surface (SLR - Surface
Limited Reactions), including UnderPortential Depositions (UPD),
This methed is also referred as E-ALD (Electrochemical Atomic
Layer Deposition), when the deposit cannot be considered strictly
epitaxial {31
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Abstract. In recent years the idea that metals, ol and, more generally, natural resourc
s are not endless has been firmed. Furthermore, people become aware that humanity
must not only increase the production of customer-goods, but they also must produce
them with respect for the environment, trying to limit either dangerous processing
techniques and hazardous materials. The elimination of many metals from alloys has
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also reduced the possibility to modify or 1o produce a wide range of precious jew

els and new matersals. For such reasons it is essential to develop new techniques for
manipulation and preparation of precious jewellery products. Nowadays this cconomic
policy drives many companies and even the single craftsmen 10 a cultural innovation
and technological growth. Many small and medium-sized companies ask the Univer-
sity for a technological support, otherwise impossible to achieve alone for high costs
‘The basic research of University has become an important point for the development
of the goldsmith sector and for the increase in production and variety of new jewels
‘This important collaboration between universities and industries is called “the Third
Mission for the University” This collaboration is important from a cultural, as well as
from a productive point of view. Nowadays, the symbiosis “Research centre - Gold

smith company”, allows the ¢ lly its market, thus making
the whole industrial sector competitive and innovative. This union is extremely impor-
tant not only for the goldsmith sector but for the entire National economy.

y to expand inter

Keywords. Electrodeposition, Surface Analysis, Galvanic, Jewel.

INTRODUCTION

Since several years, industrialists, politicians and scientists have become
aware that the energy resources of our planet may sooner or later end since
they are limited. Awareness contributed to move towards the development of
numerous renewable energy sources. Alternative energies and new renewable
sources supported by developing technologies are already a big market creat
ing many, high quality jobs. National research on major societal challenges,
such as renewable energies, synthesis of new materials or creation of tech-
nological poles, will have more impact if efforts would be combined at the

Substantia. An International Journal of the History of Chemistry 3(1) Suppl.: 29-37, 2019
ISSN 1827-9643 (online) | DOI: 10.13128/Substantia-602
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Color Measurements In Electroplating Industry: Implications For Product Quality
Control
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Electroplating industry constantly requires accurate color
references as part of quality control decision on manufactured
goods and accessories. Especially in the metal finishing sector
color inconsistency due to variable instrumental settings and
product geometry would cause communication problems between
producer and customer. In this respect we focused on electroplated
color evaluation operated by colorimeters generally used in fashion

uring, and c d the results with a laboratory
spectrophotometer. Implications of surface finish, texture, and
instrumental settings on color tolerance of cataphoretic coatings
were discussed. Based on the recommendations of the Commission
Internationale de I'Eclairage (CIE) we show a correlation between
perceptual color differences and sampled areas. Increased surface
roughness levels off color tolerance among different colorimeter’s
apertures, though deviations remain high, AE > 2. Color
reproducibility from three local fashion companies is presented for
clectroplated metal finished samples. We show that there are
significant  differences  between industrial and  laboratory
measurement, near the limits of naked eye perceptibility of two
different colors 1 < AE < 3,

Introduction

Color measurement is one of the most important aspects for a variety of industrial
applications. The precise color determination has a central role in the quality control of
end products for food, textiles, automotives and metal finishing sectors (1-4). Especially
for electroplating, color inspection is a primary indicator of surface quality. Alteration of
lightness, hue, and saturation are usually associated with surface defects or changes in
galvanic baths composition and deposition efficiency (5). With the improvement in
technology and scientific development industrial quality control has been moving from
operator-dependent proc towards more objective automated vision systems, The vast
majority of the electroplating industries employs colorimetry 1o assess the quality of their
products and to make the so-called ‘pass/fail® decisions. Though color measurements are
casily accessible, different instrumental settings and sample geometries might lead 1o
uneven data. Variations in surface texture, angle of observation, deposition cycles and
measurement protocols could drastically affect the reproducibility of analysis, thus
resulting in communication problems between producer and customer, Specifically, in the

Downtoaded on 2018-02-12 10 1P 150.217.152.218 addvess Rodstribution subect bﬁczﬂmdun (vam ocodi org/sito/terma_use) unless CC Loonse n place (see abstact)
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High Density Nanostructured Soft Ferrites Prepared by
High Pressure Field Assisted Sintering Technique
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The synthesis of highly compacted, nanostructured soft magnets is highly desirable due to their
promising properties for the di pment of o working at frequency higher than
2 MHz, In this work we investigated the potentiality of High Pressure Field Assisted Sintering
Technigue (HP-FAST). To this aim, we first synthesized soft Mn~Zn Fernite magnetic nanoparticles
(MNPs) through an easy-scalable, eco-fnendly strategy based on aqueous co-precipitation in basic
media, starting from transition metals chlorides. Powder X-ray diffraction (PXRD) and Transmission
Electron Microscopy (TEM) analyses evidenced the 'ormanon 01 c'ystullme nanoparticles with the
cubic spinel structure and average crystal size of 7.6 nm, elric meast s
showed a saturation magnelization value of ca. 56 emuw/g and no magnenc irreversibility at room
temperature. The MNPs were then compacted applying an uniaxial p overa

die. In order to obtain a material with a density close 10 the bulk one, the as-prepared green toroads
underwent either a classic sintering 11, oblaining a sctured system, or 1o High Pres-
sure Field Assisted Sintering Technigue (HP-FAST), which allowed for preserving the nanostructure,
The relative permeability and core losses of the toroidal samples were evaluated in the frequency
range 1-2 MH2 using an in-house bullt setup. The comparison of the behavior of samples obtained
by the two different sintering approaches showed the nanostructured samples had a much smaller
relative magnetic permeability (ten times lower than the microstructured sample) and, consequently,
higher core losses. However, when samples with similar u, were compared, a significant decrease
of core losses at the larger frequencies was observed. This resull suggests HP-FAST is a very
promising approach to prepare high density nanostructured soft magnetic matenals.

Keywords: Mn-Zn Ferrite, Soft Magnetic Materials, Nanostructure, Core Loss.

1. INTRODUCTION

Soft magnetic matenials represent an cconomically rele-

ever increasing frequencies. which, at the same time makes
energy dissipation more and more cntical, The reduc-

vant key element in modern technodogy, where they are
widely used to realize electronic devices such as trans-
formers, choke cotls, inductors and high-frequency power
clectronies. = All these devices, indeed, comprise o soft
magnetic core inserted in an electne circuit, working both
in direct current (DC) or alternatng curremt (AC)" The
constant demand for increasing the efliciency and mima-
lnzing the size of electronic devices requires the use of

Author to whosn correspondence shoald he adidressed
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ton of the enerpy dissipation s heat (power losses) is
indeed, at present, the keystone for the effecrive use of
soft magnetic cores i clectronic devices, In the range of
frequency of few MHz the main contributions 0 power
losses are hysteresis, conductivity (eddy current loss) and
residual losses.' Typical approaches to reduces hysteresis
logses are based on increasing the magnetic permeability
andfor decreasing the amsotropy by fine tuning the com-
posiion of ferrites and alloys. increasing the grain size
of bulk metal alloys or using amorphous alloys." " On
the other hand the reduction of eddy currents requires the

St 101 [ 2019 1070 1
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Microwave assisted pyrolysis of crop residues from Vitis vinifera
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ARTICLE INFO ABSTRACT

Keywords, A fast pyrolysis of crop residues of Vs vwnfera has been realized using & multimode micrownve (MW) oven using

Vieie vénifern various MW absorbers, The combination of absarber, reactor amvangement address the process towards a high

Micromave fornation of bio-oil (34.9%) and gas (45.79%) or the production of large wmvoant of bin-char (up (0 71.4%)

"’_“:‘h"“ Bi-oils were collecied as dark brown liquids with low viscosity aid density. They were characterized thuugh
s

anolytical and spectroscopic inethinds and the cosnpouisds presear were identified and quantified. Large amoint
of acetic acid (up 1o 1725/L) and appreciable amount of aromatics (up to 39.5 g/L) were foomed in all ex
periments, Bio-ofl obtained using carbon is MW absorber and set-up B showed the lower water concentrution

Ousntitative hea ol composition

(39.5 wit)

Blo-chars formed In all tests showed almest the same calarific valves, close o that of cammerncial pellets,
The MAP of vine residucs is & sound way 10 reduce environmental risks for their disposal aml gave wsefully
chemicals, mainly acetic acid, aromatics and fuels throagh a fast pyrolysis process.

1. Introduction

The primary energy demand was growing every year and in 2010 it
was increasedd of 5% [1]. As a consequence the groenhouse gas omis-
slons recorded a new peak, growing of 5.8% if compared 1o 2009 [2],
The Increase of primary energy consumption between 2000 and 2009
was eoncentrated in few countries, mainly India and China, and it was
driven by coal consumption even if this trend was decreased in the last
years [7]. In Europe primary energy demand grew slowly in 2010 (3% if
compared to 2009) [4] and the most interesting trend consists in an
incressed production from renewable sources |5

In the same time the request of chemicals rises year by year and the
use of renewable resource have been approached as a promising way to
supply, at least partially, this demand (6], Thermal treatments of bio-
mass may give a contribution to the increasing request of energy and
chemicals from renewable sources avoiding, In the same time, an in
cresse in the production of CO, |7].

In the last 10 years microwave assisted pyrolysis (MAP) gained a
r interest for plastic I
in order to abtain fucls or raw materials [5-15]. Also MAP of blomasses
was studied by several authors (19 22] w obtain high quality bio-oils
thanks to 2 fast heating at moderite temperature (500-700 K) followed
by & rapid quenching of the volatile products formed [23-25), Pur-
thermore MAP does not require the use of a finely milled foedstock

- Carreganding sl

Email avddresc maevn wdaniisaesti (W Prediani)

119 jaap 1200

because MW allows a volumetric heating of sample [26]. The presence
of water inside the material may eshance the heating rate and mitigate
the temperature reached during pyrolysis avoiding an advanced
cracking degradation. Even if biomass may absorb MW, the addition of
a MW absorber improve significantly the quality /quantity of the pro-
ducts formed |19). Vine (Viris vinifera) cultivation is ane of the major
business in the agrochemical industry [27) and they produce large
amount of pruning and grape residues. In ltaly, the annual pruning
vineyard residues accounted to 1 oven dry ton (odt) per hectare with an
estimated managing cost for the farms of 50 Earo per year (28], There
are a lot of available technologies (o dispose these residues such as
mechanical recycling or composting [79], but combustion is the most
used. Several authors studied thermal pyrolysis of grapes bagasse (0
produce fuels with [110] or without a catalyst [1H1,522]. In this work MAP
of woody residues from vineyards was performed in a multimode batch
oven using MW absorbers (carbon, iron powder, silicon carbide). A

dified plant, i g system inserted between the
oven and the condensing system, was also tested. The aim of this work
was to check an effictent disposal of waste residue of vineyards through
a MAP process cvaluating the yicld of the pyrolyzed products using
different roaction conditions. A great attention was devoted to the
characterization of the three eollected fractions {(bio-char, bio-oil and
pas) with partieudar sttention to the liquid fraction.

Pecuived § August 2017; Recetved in vevised form 13 December 2017, Accepted 26 December 2017

Avaitable andine 10 January 2005
DIGS-I70/ & 2017 Elwnier BV, Al rights wserved.

hitps //renderalsavier comireader/sd/pil/S0 16523701 7306757 7token=C676D3FOCE 738FDEO0O374A2CE 19EFCDEB336118E6011162C5154108. ..

m

151



9 Publications During the PhD period

Physics and Chemistry of Minerals (2018) 45:935-944
hitps//doLorg/10.1007/500269-018-0974-x

An XRPD and EPR spectroscopy study of microcrystalline calcite
bioprecipitated by Bacillus subtilis

B. Perito’ - M. Romanelli - A. Buccianti** - M. Pa i - G. Montegrossi* - F. Di Benedetto™*

R 22N ber 2017/ A d: 3 May 2018 / Published online: 22 May 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

‘We report in this study the first XRPD and EPR sp isation of a b ic calcite, obtained from the activity

of the bacterium Bacillus subtilis. Mlcmcryslallm: calcite pm\d:rs obtained from bacterial culture in a suitable precipitation
liquid medium were analysed without l’unhef pulation, Both tech reveal | closely related 1o the
biological source of the mi l,ie. tothet 1pi proc und in particular to lhc organic matrix observed inside
calcite. In detail, XRPD analysis revealed that baucnal calcite has slightly higher ¢/a lattice parameters ratio than abiotic
calcite. This correlation was already noticed in microcrystalline calcite ples grown by b li processes, but
it had never been previously verified for bacterial biocalcites. EPR sy py evidenced an anomalously large value of
W, a parameter that can be linked to by different ch | species in the next nearest neighbouring sites. This
parameter allows to clearly distinguish bacterial and abiotic calcite. This latter achievement was obtained after having reduced
the parameters space into an unbissed Euclidean one, through an isometric log-ratio transformation. We conclude that this
approach enables the coupled use of XRPD and EPR for identifying the traces of bacterial activity in fossil carbonate deposits.

Keywords Biogenic calcite - Spectroscopic signature - Bacillus subrilis - EPR - XRPD - Statistical analysis

Introduction carbonate at the Earth's surface is of biogenic origin (Ehrlich
2002). On the other hand, bioprecipitation of calcite opens
The study of formation of CaCO, by precipitati CH teresting perspectives on several polennnl applications.

mediated by the activity of bacteria dates to Murray and  These msludc the bi fiation of aq polluted either

Irvine, at the end of the nincteenth century (Ehrlich 2002).
These processes are highly relevant in the global cycle of
carbon, being able to affect the ecosystems in the lithogen-
esis and 1n the supply of carbon dioxide in the atmosphere
(Hazen 2010). Indeed, a significant portion of the insoluble

by natural processes or by industrial waslcs (Lalonde et al.
2007: Kumari et al. 2016), the conservation of cultural herit-
age artefacts made up by calcareous stones (Navdeep-Kaur
et al. 2013; Lopez-Moreno et al. 2014; Perito et al. 2014),
the fixing of atmospheric CO, (Clark and Fritz 1997), the

mineral separation by flotation in the industrial processes
(Botero et al. 2007; Pollmann et al. 2016), and the improve-
ment of technological concrete’s properties (Sarkar et al.
2015; Vahabi et al. 2015).

The study of calcite biop cither sp -
ous or under laboratory conditions, has been the focus of
numerous studies, resulting in the proposals of different

Dot SO BloRy: Usveiniey of : oy gr':hamsms for th:l :r::cs« being sI:; ?;l:al:d nowmkwsI
ed eny

aly ¥
‘ 2 physico-chemical conditions and is correlated to both the
Department of Earth Sciences, University of Florence,

Florence, Iy metabolic activity and the cell surface structures of micro-
organisms (Castanier et al. 1999; Fortin et al. 1997; Perito
and Mastromei 201 1). Some studies point to the necessity of
identifying an analytical marker able to safely distinguish the

Electronic supplementary material The online version of this
article (hitps://dor.oce/ 10.1007/500269.018-0974-x) contains
supplementary material, which ix avaalable 10 authorized users.

P

1 F. Di Benedetio
francesco.dibenedetto@unifi it

Department of Chemistry, University of Florence,
Sesto Fiorentino, Italy

*  CNR-IGG, Florence, laly

@ Springer

152



