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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, µ-

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 

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 

https://energyeducation.ca/encyclopedia/Resource
https://energyeducation.ca/encyclopedia/Crude_oil
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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.  

 

Fig. 1.1 Hubbert’s peak of oil: past production and future prevision. 

 

https://energyeducation.ca/encyclopedia/Peak_oil
https://energyeducation.ca/encyclopedia/McKelvey_box
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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. 

 

 

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]. 

 

 

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, O2. 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 (MnO2) 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. H2/O2 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 ½ 

• 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 

H2 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 
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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) 
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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]: 

 

Pt 

H2SO4 
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 𝐻2 +  12 𝑂2  →  𝐻2𝑂 
(1) 

 

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

is reported in table 2.1. 

 

 Polymer Elecrtolyte 

Membrane Fuel 

Cells (PEMFCs) 

Phosphoric Acid 

Fuel Cells (PAFCs) 

Alkaline Fuel Cells 

(AFCs) 

Molten Carbonate Fuel 

Cells (MCFCs) 

Solid Oxide Fuel 

Cells (SOFCs) 

Electrolyte 

proton exchange 

membrane 

(Nafion
TM

) 

H3PO4 adsorbed on a 

SiC matrix 

concentrated KOH 

solution 

Li2CO3 or Na2CO3 or 

K2CO3 on ceramic 

matrix 

Zr and Y oxides based 

ceramics 

Ions exchanged H
+ 

H
+ 

OH
- 

CO3
2- 

O
2- 

Working 

temperature 

25-100°C 160-220°C 60-220°C 600-650°C 1000°C 

Fuel 

hydrogen, alcohols, 

short chain 

hydrocarbons 

hydrogen, short chain 

hydrocarbons 
hydrogen 

hydrogen, short chain 

hydrocarbons 

hydrogen, 

hydrocarbons 

Catalysts platinum based platinum based 
platinum based, 

platinum free 

platinum based, platinum 

free 

platinum based, 

platinum free 

Applications 

household, 

automotive, portable 

power supply 

stationary high power 

density supply 

automotive, aerospace 

industry 

stationary high power 

density supply 

stationary high power 

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. 

 

 𝐻2 → 2𝐻+ + 2𝑒− (2) 
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Simultaneously with the cathode the electrons react with oxygen. The 

comburent is reduced to O2- (Eq. 3) which combines with the H+ products 

at the anode forming water (Eq. 4). 

 

 𝑂2 + 4𝑒−  → 2𝑂2− (3) 

 𝑂2− +  2𝐻+  →  𝐻2𝑂 (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: 

 

 ∆𝐺0 =  −𝑛𝐹∆𝐸0 (5) 

 

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

constant and ΔE0 is the equilibrium potential defined as: 

 

 ∆𝐸0 =  𝐸  𝑐𝑎𝑡ℎ𝑜𝑑𝑒0 −  𝐸𝑎𝑛𝑜𝑑𝑒0  (6) 

 

The experimentally measured potential actually is far from the 

thermodynamic equilibrium potential due to overvoltage phenomena (η) 

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-⇆ 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 
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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]: 

 

 Overvoltage deriving from mass transfer (ηMT) 

 Overvoltage due to electron transfer on the electrode surface (ηCT); 

 Overvoltage related to reactions that occur before or after the charge 

transfer; 

 Overvoltage due to phenomena occurring on the electrode surface such 

as adsorption and desorption. 

 

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: 

 

 ∆𝐸(𝑗) = 𝐸𝑐(𝑗) −  𝐸𝑎(𝑗)=  ∆𝐸0 − [|𝜂𝑎(𝑗)| +  |𝜂𝑐(𝑗)| +  𝑅𝑒𝑗] (7) 

 

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

in potential, while ηa (j) and ηc (j) are the overvoltage potentials defined as 

[4]: 

 

 𝜂𝑎(𝑗) =  𝐸𝑎(𝑗) −  𝐸0,𝑎 
and 

𝜂𝑐(𝑗) =  𝐸𝑐(𝑗)−  𝐸0,𝑐 
(8;9) 

 

Overvoltage has an important influence on the efficiency of energy 

conversion. In general, energy efficiency, ε, is defined as the ratio between 

usable and produced energy. In a thermal machine the maximum efficiency 

is limited by the efficiency of Carnot, εr
termic, defined as: 

 

 𝜀𝑟𝑡𝑒𝑟𝑚𝑖𝑐 =  𝑊𝑟(−∆𝐻) = 1 −  𝑇2𝑇1 (10) 

 

In which Wr is the reversible work, -ΔH 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: 
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 𝜀𝑟𝑐𝑒𝑙𝑙 =  𝑊𝑒(−∆𝐻) = 1 −  𝑇∆𝑆∆𝐻  (11) 

 

In which We is the electric work and ΔS the variation of entropy. In the 

case of positive ΔS 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, εV, which is also a useful value when comparing different fuel 

cells (with the same reaction): 

 𝜀𝑉 =  ∆𝐸∆𝐸0 = 1 −  [|𝜂𝑎(𝑗)| +  |𝜂𝑐(𝑗)| +  𝑅𝑒𝑗]∆𝐸0  (12) 

 

Another negative contribution to efficiency is given by faradic efficiency, 

εF, defined as: 

 𝜀𝐹 =  𝐼𝑒𝑥𝑝𝐼𝑚𝑎𝑥 =  𝑛𝑒𝑥𝑝 ∙ 𝐹 ∙ 𝑣𝑖𝑛𝑚𝑎𝑥 ∙ 𝐹 ∙ 𝑣𝑖  =  𝑛𝑒𝑥𝑝𝑛𝑚𝑎𝑥  (13) 

 

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, εfc, can be calculated by 

combining the contributions just shown: 

 

 𝜀𝑓𝑐 =  𝜀𝑟𝑐𝑒𝑙𝑙𝑎 ∙  𝜀𝑉  ∙ 𝜀𝐹  ∙  𝜀𝐻  ∙ 𝑈 (14) 
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The last two terms in the equation are respectively the heat yield, εH, 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 
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dissociation (Eq. 15), followed by the electrochemical reaction that 

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

 

 2𝑃𝑡(𝑠) +  𝐻2 → (𝑃𝑡 − 𝐻𝑎𝑑𝑠) +  (𝑃𝑡 − 𝐻𝑎𝑑𝑠) (15) 

 (𝑃𝑡 − 𝐻𝑎𝑑𝑠)  →  𝐻+ +  𝑒− + 𝑃𝑡(𝑠) (16) 

 

Overall we get: 

 

 𝐻2 → 2𝐻+ + 2𝑒− (17) 

 

for which 𝐸0 = 0 𝑉.  

 

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: 
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 𝑂2  +  2𝑒− + 2𝐻+ →  𝐻2𝑂2 (18) 

 𝐻2𝑂2 +  2𝑒− + 2𝐻+ →  2𝐻2𝑂 (19) 

 

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

four electrons [12]. 

 

 𝑂2 +  4𝑒− +  4𝐻+  →  2𝐻2𝑂 (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]: 

 

 𝑂2  →  𝑂2 (𝑎𝑑𝑠) (21) 

 𝑂2 (𝑎𝑑𝑠) +  𝑒− →  [𝑂2 (𝑎𝑑𝑠)]−
 (22) 

 [𝑂2 (𝑎𝑑𝑠)]−  →  𝑂2 (𝑎𝑑𝑠)−  (23) 

 𝑂2 (𝑎𝑑𝑠)− +  𝐻2𝑂 ⇆  𝐻𝑂2 (𝑎𝑑𝑠) +  𝑂𝐻− (24) 
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 𝐻𝑂2 (𝑎𝑑𝑠) +  𝑒− → 𝑂𝐻2 (𝑎𝑑𝑠)−  (25) 

 𝐻𝑂2 (𝑎𝑑𝑠)−  →  𝐻𝑂2− (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: 

 

 𝑂2  →  𝑂2 (𝑎𝑑𝑠) (21) 

 𝑂2 (𝑎𝑑𝑠) +  𝑒− →  𝑂2 (𝑎𝑑𝑠)−  (27) 

 2𝑂2 (𝑎𝑑𝑠)− +  𝐻2𝑂 →  𝑂2 +  𝐻𝑂2− +  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 0 to -1.1 V (vs. SCE) at the 

scanning speed of 5 mV / s [15]. 



2 Electrochemical technologies 

 

 

25 

The voltammetric profile has two distinct regions, 1 and 2, respectively 

referable to the formation of H2O2 and H2O. 

 

 

Fig.2.3 Voltammetric waves obtained at a scanning speed of 5mV / s in a 

1 M solution of NaOH, saturated with O2, using a RRDE with a glassy 

carbon disc (a). Below is the response of the platinum ring maintained at 

0 V (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 H2O. 

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 H2O2: 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 

H2O by reforming the catalyst (Eq. 30-31). 

 

 𝑂2 + 𝑃𝑡 → 2 𝑃𝑡 ⋯ 𝑂 (29) 

 2𝑃𝑡 ⋯ 𝑂 +  2𝐻+ + 2𝑒−  → 2𝑃𝑡 ⋯ 𝑂𝐻 (30) 

 2𝑃𝑡 ⋯ 𝑂𝐻 +  2𝐻+ + 2𝑒−  → 𝐻2𝑂 + 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, η, the associative 

mechanism becomes the preferential one [18]: 
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 𝑂2 + 𝑃𝑡 → 𝑃𝑡 ⋯ 𝑂2 (32) 

 𝑃𝑡 ⋯ 𝑂2  +  𝐻+ +  𝑒−  → 𝑃𝑡 ⋯ 𝐻𝑂2 (33) 

 𝑃𝑡 ⋯ 𝐻𝑂 2  +  𝐻+ +  𝑒−  →  𝐻2𝑂 + 𝑃𝑡 ⋯ 𝑂 (34) 

 𝑃𝑡 ⋯ 𝑂 +  𝐻+ + 𝑒−  → 𝑃𝑡 ⋯ 𝑂𝐻 (35) 

 𝑃𝑡 ⋯ 𝑂𝐻 +  𝐻+ + 𝑒−  →  𝐻2𝑂 + 𝑃𝑡 (36) 

 

This mechanism can be considered a re-elaboration of the scheme 

previously seen since, having the adsorption of O2 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). 

 

 

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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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 ΔG: 

 Oxygen adsorption on the active site of the metal surface 𝑂2 + 𝑀 + 𝐻+ + 𝑒− →  𝑀𝑂𝑂𝐻 (ΔG1) (37) 

 

 Dissociation of MOOH 𝑀𝑂𝑂𝐻 + 𝑀 → 𝑀𝑂𝐻 + 𝑀𝑂 (ΔG2) (38) 

 

The following processes may occur after reducing the first electron: 

 Reduction by one other electrons 𝑂2 + 2𝑀 + 𝐻+ + 𝑒− → 𝑀𝑂𝐻 + 𝑀𝑂 (ΔG3) (39) 

 

 Reduction by three other electrons 𝑀𝑂𝐻 + 𝑀𝑂 + 3𝐻+ + 3𝑒− → 2𝐻2𝑂 + 2𝑀 (ΔG4) (40) 

 

From the analysis of ΔG values for 18 metals, obtained with the DFT 

method, it was deduced that the metals that favor the formation of the 

product MOOH (ΔG1) 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 ΔG4 which presents an opposite trend with respect to 

ΔG1 [33]. Taking platinum as a reference, since it has the greatest catalytic 

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

 ΔΔGn =  Δ𝐺𝑛(𝑀) −  Δ𝐺𝑛(𝑃𝑡) (41) 
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 With these data a graph was drawn that shows the abscissa il ΔG relative 

to the adsorption of oxygen on the metal (ΔΔG1) and on the ordinate one 

relative to the reduction by the other electrons in the reaction 4 (ΔΔG4 / 3). 

 

 

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. 

 



2 Electrochemical technologies 

 

 

33 

References 

1. Panwar, N. L., Kaushik, S. C. & Kothari, S. Role of renewable energy 

sources in environmental protection: A review. Renew. Sustain. Energy 

Rev. 15, 1513–1524 (2011). 

2. Grove, W. R. XXIV. On voltaic series and the combination of gases by 

platinum. London, Edinburgh, Dublin Philos. Mag. J. Sci. 14, 127–130 

(1839). 

3. Grove, W. R. LXXII. On a gaseous voltaic battery. London, Edinburgh, 

Dublin Philos. Mag. J. Sci. 21, 417–420 (1842). 

4. Carrette, L., Friedrich, K. A. & Stimming, U. Fuel Cells - Fundamentals 

and Applications. Fuel Cells 1, 5–39 (2001). 

5. Blomen, L. J. M. J. & Mugerwa, M. N. Fuel cell systems. (Springer 

Science & Business Media, 2013). 

6. Bard, Allen J; Faulkner, L. R., Swain, E. & Robey, C. Fundamentals 

and Applications. (John Wiley & Sons Inc., 2000). 

7. Curzon, F. L. & Ahlborn, B. Efficiency of a Carnot engine at maximum 

power output. Am. J. Phys. 43, 22–24 (1975). 

8. Sharma, B. K. Electro chemistry. (Krishna Prakashan Media, 1997). 

9. Song, C. & Zhang, J. Electrocatalytic Oxygen Reduction Reaction. 

PEM Fuel Cell Electrocatal. Catal. Layers Fundam. Appl. 89–129 

(2008). doi:10.1007/978-1-84800-936-3_2 

10. Grgur, B. N., Markovic, N. M. & Ross, P. N. Electrooxidation of H 2 , 

CO and H 2 / CO mixtures on a well-characterized Pt ± Re bulk alloy 

electrode and comparison with other Pt binary alloys. J. Electrochem. 

Soc. 43, 3631–3635 (1998). 

11. Grgur, B. N., Markovic, N. M. & Ross, P. N. The Electro‐oxidation of 

H2 and H2/CO Mixtures on Carbon‐Supported Pt x Mo y Alloy 



2 Electrochemical technologies 

 

 

34 

Catalysts. J. Electrochem. Soc. 146, 1613–1619 (1999). 

12. Katsounaros, I. et al. Hydrogen peroxide electrochemistry on platinum: 

Towards understanding the oxygen reduction reaction mechanism. 

Phys. Chem. Chem. Phys. 14, 7384–7391 (2012). 

13. Wang, B. Recent development of non-platinum catalysts for oxygen 

reduction reaction. J. Power Sources 152, 1–15 (2005). 

14. Taylor, R. J. & Humffray, A. A. Electrochemical studies on glassy 

carbon electrodes: II. Oxygen reduction in solutions of high pH (pH> 

10). J. Electroanal. Chem. Interfacial Electrochem. 64, 63–84 (1975). 

15. Baez, V. B. & Pletcher, D. Preparation and characterization of 

carbon/titanium dioxide surfaces—the reduction of oxygen. J. 

Electroanal. Chem. 382, 59–64 (1995). 

16. Jr, P. N. R. & Markovic, N. M. Surface science studies of model fuel 

cell electrocatalysts. Surf. Sci. Rep. 45, 117–229 (2002). 

17. Zhdanov, V. P. & Kasemo, B. Kinetics of electrochemical O 2 

reduction on Pt. Electrochem. commun. 8, 1132–1136 (2006). 

18. Nørskov, J. K. et al. Origin of the overpotential for oxygen reduction at 

a fuel-cell cathode. J. Phys. Chem. B 108, 17886–17892 (2004). 

19. Jaouen, F. et al. Recent advances in non-precious metal catalysis for 

oxygen-reduction reaction in polymer electrolyte fuel cells. Energy 

Environ. Sci 4, 114–130 (2011). 

20. Jasinski, R. A new fuel cell cathode catalyst. Nature 201, 1212 (1964). 

21. Li, X., Liu, C., Xing, W. & Lu, T. Development of durable carbon 

black/titanium dioxide supported macrocycle catalysts for oxygen 

reduction reaction. J. Power Sources 193, 470–476 (2009). 

22. Bagotzky, V. S., Tarasevich, M. R., Radyushkina, K. A., Levina, O. A. 

& Andrusyova, S. I. Electrocatalysis of the oxygen reduction process 



2 Electrochemical technologies 

 

 

35 

on metal chelates in acid electrolyte. J. Power Sources 2, 233–240 

(1978). 

23. Koslowski, U. I., Abs-Wurmbach, I., Fiechter, S. & Bogdanoff, P. 

Nature of the catalytic centers of porphyrin-based electrocatalysts for 

the ORR: a correlation of kinetic current density with the site density 

of Fe− N4 centers. J. Phys. Chem. C 112, 15356–15366 (2008). 

24. Ziegelbauer, J. M. et al. Direct spectroscopic observation of the 

structural origin of peroxide generation from Co-based pyrolyzed 

porphyrins for ORR applications. J. Phys. Chem. C 112, 8839–8849 

(2008). 

25. Maruyama, J., Okamura, J., Miyazaki, K., Uchimoto, Y. & Abe, I. 

Hemoglobin pyropolymer used as a precursor of a noble-metal-free fuel 

cell cathode catalyst. J. Phys. Chem. C 112, 2784–2790 (2008). 

26. Bogdanoff, P. et al. Probing structural effects of pyrolysed CoTMPP-

based electrocatalysts for oxygen reduction via new preparation 

strategies. J. new Mater. Electrochem. Syst. 7, 85–92 (2004). 

27. Jahnke, H., Schönborn, M. & Zimmermann, G. Organic dyestuffs as 

catalysts for fuel cells. in Physical and chemical applications of 

dyestuffs 133–181 (Springer, 1976). 

28. Van Veen, J. A. R. & Colijn, H. A. Oxygen Reduction on Transition‐

Metal Porphyrins in Acid Electrolyte II. Stability. Berichte der 

Bunsengesellschaft für Phys. Chemie 85, 700–704 (1981). 

29. Gupta, S., Tryk, D., Bae, I., Aldred, W. & Yeager, E. Heat-treated 

polyacrylonitrile-based catalysts for oxygen electroreduction. J. Appl. 

Electrochem. 19, 19–27 (1989). 

30. Wang, H., Cote, R., Faubert, G., Guay, D. & Dodelet, J. P. Effect of the 

pre-treatment of carbon black supports on the activity of Fe-based 



2 Electrochemical technologies 

 

 

36 

electrocatalysts for the reduction of oxygen. J. Phys. Chem. B 103, 

2042–2049 (1999). 

31. Matter, P. H., Wang, E., Arias, M., Biddinger, E. J. & Ozkan, U. S. 

Oxygen reduction reaction catalysts prepared from acetonitrile 

pyrolysis over alumina-supported metal particles. J. Phys. Chem. B 

110, 18374–18384 (2006). 

32. Matter, P. H. & Ozkan, U. S. Non-metal catalysts for dioxygen 

reduction in an acidic electrolyte. Catal. Letters 109, 115–123 (2006). 

33. Nallathambi, V., Lee, J.-W., Kumaraguru, S. P., Wu, G. & Popov, B. 

N. Development of high performance carbon composite catalyst for 

oxygen reduction reaction in PEM proton exchange membrane fuel 

cells. J. Power Sources 183, 34–42 (2008). 

34. Jaouen, F. & Dodelet, J.-P. Average turn-over frequency of O2 electro-

reduction for Fe/N/C and Co/N/C catalysts in PEFCs. Electrochim. 

Acta 52, 5975–5984 (2007). 

35. Li, W. et al. Nano-stuctured Pt–Fe/C as cathode catalyst in direct 

methanol fuel cell. Electrochim. Acta 49, 1045–1055 (2004). 

36. Bligaard, T. et al. The Brønsted–Evans–Polanyi relation and the 

volcano curve in heterogeneous catalysis. J. Catal. 224, 206–217 

(2004). 

37. Wang, Y. & Balbuena, P. B. Ab initio molecular dynamics simulations 

of the oxygen reduction reaction on a Pt (111) surface in the presence 

of hydrated hydronium (H3O)+(H2O) 2: direct or series pathway? J. 

Phys. Chem. B 109, 14896–14907 (2005). 

38. Wang, Y. & Balbuena, P. B. Design of Oxygen Reduction Bimetallic 

Catalysts : Ab-Initio-Derived Thermodynamic Guidelines. J. Phys. 

Chem. B 109, 18902–18906 (2005). 



2 Electrochemical technologies 

 

 

37 

39. Zafferoni, C. et al. Synergy of cobalt and silver microparticles 

electrodeposited on glassy carbon for the electrocatalysis of the oxygen 

reduction reaction: An electrochemical investigation. Molecules 20, 

14386–14401 (2015). 



3 Electrochemical techniques 

 

 

38 

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); 

 

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); 

 

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); 

 

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); 

 

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).  

 

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. 

 

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. 



3 Electrochemical techniques 

 

 

43 

 

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. 

 

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. 

 

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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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 µm 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 C0 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): 

 

 𝛷𝑥,𝑡 = −𝐷(𝛿𝐶/𝛿𝑥)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): 

 

 ∆𝐸𝑝 = |𝐸𝑝,𝑟𝑖𝑑 − 𝐸𝑝,𝑜𝑠𝑠| = 0,0592/𝑛 (43) 

 

In reality the irreversibility due to the kinetics of the process causes a.∆Ep 

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 (cm2) 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 

 

 𝑖𝑝 = 𝐾𝑛3/2𝐴𝐷1/2𝑣1/2𝐶 (44) 

 

 

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 E1/2 and is 

closely related to the standard reduction potential of the redox pair even if 

in reality it is not identical. 

 

 

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 ω according to equation (45) 

 𝑖𝑙𝑖𝑚𝑖𝑡𝑒 = 0,62𝑛𝐹𝐴𝐶 𝐷02 3⁄  𝜔1 2⁄  𝑣−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 Kω we get (46): 
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 𝑗 = 𝑖𝐴 = 𝑛𝐾𝜔√𝜔 (46) 

 

where:  𝐾𝜔 = 0,62𝐹𝐶𝐷2 3⁄ 𝑣−1 6⁄    (𝑐𝑚−2𝑟𝑎𝑑−1 2⁄ 𝑠1 2⁄ ) 

 

Still it is convenient to express the rotation speed in revolutions 

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

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

form (47): 

 𝑗 = 𝑛𝐾𝜔√2𝜋𝑓60 = 𝑛𝐾𝜔√ 𝜋30 √𝑓 (47) 

 

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

function of the rotation speed (48): 

 

 𝑗 = 𝑛𝐾𝑓√𝑓 (48) 

 

Where: Kf = √ π30 Kω ≅ 0,3236Kω    (cm-2 rpm-1/2 min ½) 

 

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 



3 Electrochemical techniques 

 

 

52 

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. 

 

 1𝑖 = 1𝑖𝑐𝑐 + 1𝑘𝑑√𝜔 (49) 

 

Where: 

 𝑘𝑑 = 0,62𝑛𝐹𝐴𝐶𝐷2 3⁄ 𝑣−1 6⁄   

 

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) 

 

 1𝑗 = 1𝑗𝑐𝑐 + 1𝑛𝐾𝑓√𝑓  (50) 

 

With 𝐾𝑓 = 0,2𝐹𝐶𝐷2 3⁄ 𝑣−1 6⁄  
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Reporting in a graph 1/j against 1/f1/2 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/Jcc. From the angular coefficient and knowing Kf we can 

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

 

 𝑛 = 1𝐾𝑓𝑚 (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. 

 

.  

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 H2O or H2O2) 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 Id is given by 

the sum of all the charge transfer processes that take place in the working 

potential range, and therefore is (52):  

 

 ID = IH2O2 + IH2O  (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 H2O2 (I H2O2) will be given by the ratio between the current 

measured in the ring and N (53) 
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 I H2O2 = Ir/N  (53) 

 

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

reduction of oxygen to water (54):  

 

 I H2O= Id – I H2O2 (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) 

 

  
𝐼𝑑𝑛 = 𝐼𝐻2𝑂4 + 𝐼𝐻2𝑂22   (55) 

 

By rearranging the terms one finds the formula for calculating electrons 

(56). 

 

 𝑛 =  4𝐼𝑑𝐼𝑑 + 𝐼𝑟/𝑁 =  4𝐼𝑑𝐼𝑑 + 𝐼𝐻2𝑂2 (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 10-3 M 

in KCl 1 M bubbling an inert gas: N2. 
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To prepare the electrolyte solution, appropriately calculated quantities of 

K4[Fe(CN)6] 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 KCl), 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. 

 

 

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)



4 Experimental procedure 
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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)6 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 µL 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 cm2 Ø 5mm 
Ring (Pt) = 0.11 cm2 

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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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 1.0µm. 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 4.3A 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.  

 

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

H2SO4 1N, 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 5 mV/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 5mV / 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)6. 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 K3Fe(CN)6 solution 
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5 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 π 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. 

 

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). 

 

 

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

metal cation is complexed inside the terminal macrocycle. 
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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 MWCNTs 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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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 CO2, 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). 

 

 

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. 

 

 

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. 

 

 

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 / mass2 ratio (P / M2) 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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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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  Electroactive phase, in fuel cell representative a crucial step in oxygen 

reduction reaction to enhance the velocity of the kinetics of the 

spontaneous reaction. 

 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. 

 A binder, 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) 

 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: 
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 Activation region (Ƞact), the potential value is determinate 

electrochemical kinetics (overpotential for both anode and cathode 

reactions) 

 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) 

 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 

 

 

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/O2, 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/O2 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 cm2) 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) 

(a

(f(e(d

(c(b
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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 O2 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 Pd-MWCNT). 

For all MEAs were used the same anodic electrodes contening 0,489 

mgPtRu/C.*cm-2 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 mgcat.*cm-2 MgPd*cm-2 

MEA509 CH_4_450° 1,00 - 

MEA510 CH_4_450° 1,35 - 

MEA511/513 MWCNT HL2 

Pd(II) 86,1% 

2,86 0,064 

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 cm2 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. H2 and O2 gas 

feeds with flow rates of 1 and 2 L min−1 (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 

AEMFC 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. 

 

Table 7.2 MEA509 Operating parameters 

 

 

Sample OCV 
(V) 

Tem
p 

(°C) 

Temp 
Catho

de 
(°C) 

Temp 
Anode 
 (°C) 

Flow 
Cathode 
(l/min) 

Flow 
Anode 
(l/min) 

RH 
Catho
de (%) 

RH 
Ano
de 

 (%) 

Resistanc
e 

 milli omh 

          
MEA509_

1 
72,6

6 
65 62 62 1,95 0,97 87 87 27 

MEA509_
2 

76,1
8 

65 62 62 1,95 0,97 87 87 14-15 

MEA509_
3 

75,8
7 

65 62 62 1,95 0,97 87 87 14-15 

MEA509_
4 

74,8
0 

64 62 62 1,94 1,95 91 91 14-15 

MEA509_
5 

75,7
2 

65 62 62 1,94 1,94 87 87 13-14 
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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 / cm2. 

 

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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Sample J Power Power 
Density 
(MAX) 

E J (MAX) Power Power 
Density 
(MAX) 

E 

 (mA/cm
²) 

(Watts) (mW/cm²) (V) (mA/cm²) (Watts) (mW/cm²) (V) 

MEA509_1 255,66 0,61643 123,29 0,48223 287,94 0,40463 80,925 0,28105 
 

MEA509
_2 

a 185,97 0,48535 97,069 0,52195 213,95 0,33298 66,596 0,31127 

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 
MEA509_5 131,87 0,35316 70,631 0,53562 141,44 0,3293 65,86 0,46562 
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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
V 

(V) 

Temp 
 (°C) 

Temp 
Cathode 

(°C) 

Temp 
Anode 
 (°C) 

Flow 
Cathod

e 
(l/min) 

Flow 
Anod

e 
 

(l/mi
n) 

RH 
Cathod

e 
(%) 

RH 
Anod

e 
 (%) 

Resisten
cemilli 
omh 

          
MEA510_1 0,7

6 
55 52 52 1,97 1,00 86 86 16-17 

MEA510_2 0,7
4 

59 54 54 1,96 1,00 79 79 22-17 

MEA510_3 0,7
2 

50 45 45 1,94 1,01 77 77 20 

Table 7.4 MEA509 Operating parameters 

 

Fig. 7.5 Polarization and power density curves for the MEA510 
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The results related to the performance of the MEA510 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 / cm2. 

 

Sample J Power Power 
Density 
(MAX) 

E J (MAX) Power Power 
Density 
(MAX) 

E 

 (mA/cm
²) 

(Watts) (mW/cm²) (V) (mA/cm²) (Watts) (mW/cm²) (V) 

 
MEA510

_1 

a 314,51 0,73452 146,9 0,46709 426,37 0,59649 119,3 0,2798 
b 297,09 0,66619 133,24 0,44848 401,88 0,56924 113,85 0,28329 

 
 
 
 

MEA510
_2 

a 206,43 0,43527 87,054 0,42172 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 
d 221,06 0,51817 103,63 0,46881 308,79 0,44766 89,532 0,28994 
e 219,94 0,52529 105,06 0,47767 312,63 0,45422 90,843 0,29057 
f 220,43 0,51897 103,79 0,47087 309,28 0,44943 89,886 0,29063 

 
 
 
 

MEA510
_3 

a 188,53 0,37371 74,742 0,39645 242,81 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 226,25 0,3128 62,56 0,2765 
e 177,25 0,33968 67,937 0,38329 221,48 0,31151 62,301 0,2813 
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 MEA511. 

 

Sample OC
V 

(V) 

Temp 
(°C) 

Temp 
Cathode 

(°C) 

Temp 
Anode 
(°C) 

Flow 
Cathode 
(l/min) 

Flow 
Anode 
(l/min) 

RH 
Cathode 

(%) 

RH 
Anode 

(%) 

Resistence 
milli omh 

          

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 MEA511 Operating parameters 

 

 

Fig. 7.6 Polarization and power density curves for the MEA511 
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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 / cm2. 

 

Sample J Power Power 
Density 
(MAX) 

E J 
(MAX) 

Power Power 
Density 
(MAX) 

E 

 (mA/c
m²) 

(Watts) (mW/cm²
) 

(V) (mA/cm
²) 

(Watts) (mW/cm²
) 

(V) 

 
MEA511_

1 

a 474,03 0,85476 170,95 0,36064 555,02 0,80556 161,11 0,29028 
b 389,69 0,75123 150,25 0,38555 465,82 0,69156 138,31 0,29692 

 
MEA511_

2 

a 345,17 0,51518 103,04 0,29851 345,17 0,51518 103,04 0,29851 

b 353,69 0,52124 104,25 0,29474 353,69 0,52124 104,25 0,29474 

MEA511_3 476,1 0,89552 179,1 0,37619 618,4 0,69623 139,25 0,22517 
MEA511_4 434,92 0,83974 167,95 0,38616 554,96 0,66084 132,17 0,23816 

 
MEA511_

5 

a 407,27 0,83781 167,56 0,41143 522,44 0,6142 122,84 0,23513 
b 430,52 0,86159 172,32 0,40026 541,94 0,65822 131,64 0,24292 

Table 7.7 MEA511 Data Analysis 

Once the best operating parameters were identified, a second complete cell 

was assembled (MEA513). 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 MEA513. 

 

Sample OC
V 

(V) 

Temp 
(°C) 

Temp 
Cathod
e (°C) 

Temp 
Anode 
(°C) 

Flow 
Cathode 
(l/min) 

Flow 
Anode 
(l/min

) 

RH 
Cathode 

(%) 

RH 
Anode 

(%) 

Resistenc
e 

milli omh 

          
MEA513_1 0,62 61 54 54 1,97 1,00 72 72 25 
MEA513_2 0,62 60 54 54 1,97 1,00 75 75 25 
MEA513_3 0,62 60 54 54 1,97 1,00 75 75 23 
MEA513_4 0,65 60 54 54 1,96 1,00 75 75 20 

Table 7.8 MEA513 Operating parameters 
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Fig. 7.7 Polarization and power density curves for the MEA513 

 

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 / cm2. 

 

Sample J Power Power 
Density 
(MAX) 

E J 
(MAX) 

Power Power 
Density 
(MAX) 

E 

 (mA/c
m²) 

(Watts) (mW/cm
²) 

(V) (mA/c
m²) 

(Watts) (mW/cm
²) 

(V) 

 
MEA513_

1 

a 485,9
6 

0,81154 162,31 0,334 539,81 0,79601 159,2 0,29492 

b 552,5
5 

0,87554 175,11 0,31691 589,09 0,87208 174,42 0,29608 

 
MEA513_

2 

a 549,6
2 

0,96557 193,11 0,35136 802,63 0,7933 158,66 0,19767 

b 613,9
6 

1,0302 206,04 0,33559 862,67 0,85526 171,05 0,19828 

 
MEA513_

3 

a 803,8
2 

1,4216 284,32 0,35371 1193,9 0,57733 115,47 0,09671 

b 811,6
7 

1,513 302,6 0,37281 1217,9 0,61984 123,97 0,10179 

 
 
 
 

a 901,9
5 

1,6472 329,44 0,36525 1302 0,69879 139,76 0,10734 

b 958,2
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MEA513_
4 

c 1148,
1 

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

d 1219,
9 

2,0973 419,46 0,34384 1798 0,88232 176,46 0,09815 

e 1127,
6 

2,0173 403,47 0,35782 1613,1 0,79962 159,92 0,09914 

f 1035,
7 

1,9711 394,23 0,38065 1537,5 0,76939 153,88 0,10008 

g 1007,
4 

1,9522 390,43 0,38757 1470 0,6982 139,64 0,09499 

h 1091,
2 

2,0804 416,08 0,38132 1574,5 0,76063 152,13 0,09662 

i 1108,
8 

2,098 419,61 0,37844 1645,7 0,80729 161,46 0,09811 

l 1085,
8 

2,1234 424,68 0,39112 1671 0,79819 159,64 0,09553 

Table 7.9 MEA513 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 / mgPd cm2. This result is 

comparable, if not slightly higher, to a work by Wang et al. [10] (5 W / 

mgPd cm2). 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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8 Conclusion 

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 O2 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 (II), 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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9 Publications During the PhD period 

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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