
 
 

DEPARTMENT OF INDUSTRIAL CHEMISTRY “TOSO MONTANARI”  

 

SECOND CYCLE DEGREE IN 

LOW CARBON TECHNOLOGIES AND 
SUSTAINABLE CHEMISTRY 

 

CLASSE LM-71 – INDUSTRIAL CHEMISTRY 

DEVELOPMENT AND EVALUATION OF 
PGM-FREE ANODIC ELECTRODES FOR 
THE OXYGEN EVOLUTION REACTION 

IN AEM ELECTROLYZERS 

 
 

 

   

     

 

  

 

 

 

 III Session January 2025  

Academic Year 2023/2024 

Supervisor 

Dr. Andrea Fasolini  
 

Co-Supervisor 

Dr. Nicholas Loi 

Candidate 

Micaela Calzone 



 1 

Abstract  

The transition to renewable energy must address its intermittency. Green hydrogen, produced 

CO2-free through renewable-powered water electrolysis, offers a solution as an energy carrier. 

This thesis investigated the emerging technology of Anion Exchange Membrane Water 

Electrolyzer (AEMWE), with a focus on PGM-free anodic electrocatalysts for the Oxygen 

Evolution Reaction (OER) based on different catalytic compositions: NiFe2O4, NiO, Co3O4. 

The research included the formulation and optimization of anodic catalytic inks, the deposition 

of the catalytic layer onto nickel felts using the Catalyst Coated Substrate (CCS) methodology, 

the execution of preliminary thermal treatments on all the electrodes at 120°C, as well as 

additional treatments at 350°C on NiFe2O4 to evaluate their effects on catalytic properties.  

Morphological and structural properties were investigated through SEM/EDS and XRD 

analyses to establish correlations with performance and stability, which were evaluated through 

electrochemical tests.  

The thermally treated NiFe2O4 samples were analysed in terms of morphology, structure, 

performance and durability and the results were compared with those of untreated samples. It 

appeared that although the higher-temperature treatment effectively reduced the average 

particle size and eliminated impurities, it also led to a decline in mechanical integrity, being 

unsuitable for applications requiring long-term durability, such as electrolyzers. In contrast, the 

lower-temperature treatment preserved the structural integrity while moderately decreasing the 

average particle size, offering a compromise between catalytic activity and durability. 

Finally, from a comparative evaluation, among the analysed catalysts, NiFe2O4 emerges as the 

most suitable candidate for long-term industrial applications, combining good catalytic activity 

and excellent stability. While NiO and Co3O4 demonstrated superior initial performance, their 

stability is limited compared to NiFe2O4.  
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1. Thesis Objective 

This thesis investigates the emerging technology of Anion Exchange Membrane Water 

Electrolyzer (AEMWE), focusing on the optimization of formulation and performance in terms 

of catalytic activity and durability of non-noble metal-based anodic catalysts for the Oxygen 

Evolution Reaction (OER). 

A key aspect of this research addresses the significant kinetic challenges associated with OER, 

by examining and comparing commercially available anodic electrocatalysts, specifically 

nickel oxide (NiO), cobalt oxide (Co3O4), nickel iron oxide (NiFe2O4). 

The choice to focus on noble-metal-free catalysts is driven by the goal of enhancing the 

sustainability and cost-effectiveness of water electrolyzers, reducing reliance on noble metals 

and facilitating the large-scale production of green hydrogen.  

A concise overview of Alkaline Water Electrolyzers (AWE) and Proton Exchange Membrane 

Water Electrolyzers (PEMWE) is included to provide context and highlight characteristics and 

advantages of AEMWE. 

This research was conducted in collaboration with Arco Technologies S.r.l. and mainly 

involved: 

• Formulation and optimization of anodic catalytic inks, 

• Deposition of the catalytic layer onto electrodes, following Catalyst Coated Substrate 

(CCS) methodology, 

• Execution of preliminary thermal treatments on electrodes and pretreatments on the 

membrane, 

• Performing electrochemical tests on NiO, Co3O4, NiFe2O4 electrocatalysts to evaluate 

their performances and stability, 

• Conducting morphological analyses, including Scanning Electron Microscopy (SEM) 

and X-ray Diffraction (XRD), to correlate structural characteristics with catalysts 

performances.  



 5 

2.  Introduction  

2.1. Climate Change and Renewable Energy Forms 

One of the main challenges the world is facing in recent years is climate change, specifically 

global warming, that has harmful effects on ecosystems and human society. [1] The main cause 

of climate change is the emission of Greenhouse Gasses (GHGs) in the atmosphere: they 

generate a rise in global temperatures. Most human activities contribute to raise the level of 

greenhouse gases and among all areas of human impact, the primary GHG emitted is carbon 

dioxide (CO2), accounting for approximately 80% of the total emissions, however it is not the 

most dangerous in terms of global warming potential. [2] 

In figure 1 GHGs emissions by substance are showed, while in figure 2, emissions are 

categorized by sectors, providing an overview of how different areas of industry contribute to 

overall emissions. [2] 

 

Figure 1: GHGs emissions distribution in European 
Union by pollutant in 2019. Percentages are rounded 
and emissions related to soil usage and silviculture 
are excluded. Data are provided by the European 

Environment Agency (EEA). [2] 

 

Figure 2: Distribution of greenhouse gas (GHG) 
emissions in the European Union by sectors in 2019. 

Data are provided by the European Environment 
Agency (EEA). [2] 

 

As shown in graph 2, the energy sector accounts for most of the total emissions, specifically 

the 77%, one third of which is related to the transport sector. Other relevant emissions sources 

are industrial processes and product use, responsible for a 9.10%; and agriculture, contributing 

to a 10.55%. Finally, a 3.32% of emissions is related to waste management. [2] These data 

indicate the critical impact of energy production, distribution and utilization on global 

emissions levels. Indeed, the rising energy demand is largely met by burning fossil fuels: their 
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combustion generates energy, but also leads to massive GHGs emissions, specifically CO2. 

[2,3] 

A decarbonization of the energy sector is crucial to address climate challenges, transitioning to 

renewable energy sources, such as solar, wind, hydroelectric power, becomes crucial to promote 

a sustainable energy system and mitigate anthropogenic GHGs emissions. [3] 

However, one of the key issues related to renewable energy sources is their intermittent nature. 

Differently from conventional energy sources, such as fossil fuels, alternative energies do not 

provide a constant supply during the day and across different seasons. This variability generates 

a mismatch between energy demand and availability, creating a need for effective energy 

storage strategies. To ensure a constant energy supply, it is essential to store large quantities of 

energy, and it can be done exploiting chemical compounds such as hydrogen, methane, 

methanol, dimethyl ether (DME), that acts as energy carriers that can store excess energy during 

peak production periods and release it when sustainable energy sources are not available. [3] 

Among the chemical energy carriers, hydrogen holds important potential as energy vector, its 

valuable properties are analysed in paragraph 2.2, together with applications and production 

methods.  

2.2. Hydrogen: Properties, Applications, Production 

Hydrogen (H2), gaseous under atmospheric conditions, is the lightest and smallest element 

existing. Moreover, it is colourless, odourless, non-toxic, and non-corrosive; despite this, it 

could make more fragile some materials, e.g. some metals. [4] 

The auto-ignition temperature of hydrogen is comparable to that of natural gas and significantly 

higher respect to that of gasoline vapor, making both hydrogen and natural gas safer respect to 

spontaneous ignition. However, safety concerns arise due to the flammability range of H2, wider 

respect to other fuels, ranging from 4 % and 75% in air. In particular, the optimal combustion 

condition is when hydrogen constitutes the 29% of the air mixture, the energy required to 

initiate the reaction is lower respect to other fuels and even a small spark starts the flame. At 

lower concentrations of hydrogen, the energy requirement is similar to that of other fuels. [4] 

H2 is a molecule of extreme importance across several sectors, the reason why its demand has 

increased over years. Specifically, it is widely used in the chemical industry, to serve as a 
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feedstock for several processes, including methanol and ammonia production, the latter 

exploited in the agricultural field to produce fertilizers. Moreover, hydrogen is employed in the 

metal industry, and in the energetic field, since it holds a great potential as an alternative fuel 

to replace fossil-based ones. [5] 

Its high demand depends also on its physical characteristics. Compared to other fuels, hydrogen 

presents the highest gravimetric standard heat of formation, meaning that its energy content by 

weight is the highest, providing more energy per unit weight. For example, H2 supplies 118 MJ 

per kilogram at 298 K, compared to the 44 MJ for gasoline. [6] However, the high energy 

content by weight does not correspond to a high energy content by volume, posing a challenge 

for the storage. Indeed, the volumetric energy density of hydrogen is 8 MJ per litre, four times 

lower that the 32 MJ per litre of gasoline. [5] 

Despite its abundance, H2 is not present in a free form on the Earth, but it is found in form of 

hydrocarbons and water. [6] This implies that it must be extracted, which can be achieved 

through different methods, and direct and indirect emissions generated during the processes 

vary a lot depending on the production method used. The variability depends on factors such as 

the technology, the efficiency of carbon capture and storage, the types of input fuels and the 

energy source. [7] Predictably, the techniques to extract hydrogen from organic compounds, 

mainly represented by fossil fuels, are greenhouse gasses emitting and rely on a finite, non-

renewable resource. [6] Instead, producing hydrogen from water electrolysis can provide a 

widely abundant and sustainable alternative source. [6] However, to avoid GHG emissions, a 

sustainable energy sources should be harnessed to obtain the energy needed to split water 

molecules. [8] 

Based on previous considerations, H2 can be classified with different “colours”, to indicate its 

carbon emissions, depending on the source of energy and material used in the production: [9]  

• Black hydrogen is obtained by coal gasification, it is considered the most environmental 

damaging and emitting technology. 

• Grey hydrogen is produced from fossil fuels refinement, mainly by methane steam 

reforming, a catalytic reaction that uses high pressure to decompose methane into H2, 

CO, CO2.  Since this process does not foresee any technology of carbon capture and 

storage, it results in CO2 emitted in the atmosphere. 
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• Blue hydrogen is still produced by methane steam reforming, but with systems that 

capture and store the CO2 underground, resulting in a cleaner version of the previous 

process. However, despite the improvement, the process still rely on a finite fossil 

source and some CO2 cannot be captured and will still be released.  

• Turquoise hydrogen foresees the generation of hydrogen by methane pyrolysis, that will 

produce solid carbon, instead of volatile CO2. 

• Green hydrogen: this hydrogen is produced without any emission of CO2, due to the 

absence of carbonaceous compounds in the process, resulting in the cleanest H2 form. 

It is derived from water electrolysis, with renewable source of energy used to power the 

electrolyzers.  

The graph below shows hydrogen production in 2020, 2021, 2022, measured in million tons 

(Mt) of H2 and categorized by different production routes.  

 

Figure 3: Hydrogen production, measured in million tons, by source in years 2021, 2021, 2022. [7] 

The production of hydrogen increased slightly over the three years, reaching 95Mt in 2022 and 

fossil fuels use prevailed. Natural gas without carbon capture, utilization, and storage (indicated 

as “CCUS”) was the predominant source for all the three years, accounting for 62% in 2022. 

As the CO2 generated in these processes was emitted in the atmosphere, this value can be 

addressed as grey hydrogen production. This was followed by black hydrogen: coal gasification 

accounted for 21%. Another 16% was associated to by-product of other processes in refineries 

and petrochemical industry. Minor contributions were oil, that represented a 0.5%, and fossil 

fuels with CCUS, responsible for 0.6% of production. Notably, only the 0.7% of the hydrogen 

produced in 2022, less than 1Mt, was obtained from low-emitting technologies, consistent with 

data of previous years.  Up to now, despite a 35% increase in 2022 respect to the previous year, 
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the H2 production from water electrolysis still amounted to only to 100,000 tons, accounting 

only for 0.1% of today’s hydrogen production. [7] 

The current aim is to increase the annual 0.7% of hydrogen produced by renewable and low-

emitting resources. According to announced projects, this number could increase up to 20Mt in 

2030, relying on fossil fuels-based production with CCUS and water electrolysis. [7] 

The chart below illustrates the current state and the future potentials of projects for hydrogen 

production through low emitting production routes. The production methods included are water 

electrolysis and fossil fuel usage with CCUS and hydrogen production capacity is measured in 

million tons. [7] 

 
Figure 4: Current state and the future potentials of projects for hydrogen production through low emitting 

production routes. [7] 

The very small green bar represents the production level for both methods in 2022, indicating 

the current minimal contribution of these low-emitting technologies respect to global hydrogen 

production. The orange bar represents the expected H2 production levels in 2030 after the final 

investment decision (addressed as “FID”) is made. Additionally, a yellow bar and a red dashed 

line represent respectively projects that can potentially be feasibly and be at early stages in 

2030. Moreover, the purple diamonds indicate the net zero emissions (NZE) targets, 

highlighting the importance of hydrogen in the context of meeting global climate goals and 

transitioning to a more sustainable energy system. To sum up, most of the projects are currently 

under investigation, while others are at very early stages, the projects that have reached the final 

investment decision or are under construction, represent only the 4%. [7] 
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2.3. Water Electrolysis and Reactions’ Thermodynamics 

As the demand for hydrogen and sustainable energy source continues to rise, water electrolysis 

emerges as a promising method to yield green hydrogen and it is expected that, in the future, 

more than 70% of low-emissions hydrogen will be produced with this technology. [7] 

Water electrolysis is a chemical process that breaks down water (H2O) into oxygen (O2) and 

hydrogen (H2). The endothermic, non-spontaneous reaction is driven by electrical energy: [5] 

 

When the electricity supplied to the electrolyzer derives from renewable sources, green 

hydrogen is generated, avoiding greenhouse gasses emissions. [5] 

Water electrolysis can be implemented to store excess energy during periods of low demand, 

mitigating the intermittent nature of renewable energy sources. Electrolyzers and fuel cells play 

a complementary role in this context: electrolyzers are suitable for large scale and medium-long 

term storage by converting surplus energy into hydrogen, while fuel cells convert hydrogen 

back into electricity. Differently from batteries that are not a good storage option for wind 

energy, for example, electrolyzers can handle high current inputs per unit surface. [5] 

In the figure below there is a representation of a system of water electrolysis, from renewable 

sources that can be supplied to the electrolyzer, to potential hydrogen application. 

 

Figure 5: Representation of anion exchange membrane electrolysis with applications. Adapted from reference 
[10] 



 11 

The overall water splitting reaction consists of two half-cell reactions: the Oxygen Evolution 

Reaction (OER) is the formation of oxygen occurring at anode; while the Hydrogen Evolution 

Reaction (HER) generates hydrogen and takes place at cathode. [3,6] 

For the reaction to proceed, it is essential the passage of ions between the two electrodes, where 

the oxidation and reduction reactions occur. To enhance the low conductivity of water, 

electrolytes are added, which can be acidic or alkaline, depending on the type of water 

electrolysis. Sulfuric acid (H2SO4) is commonly used in PEMWE, while potassium hydroxide 

(KOH) or sodium hydroxide (NaOH) solutions are chosen for AWE and AEMWE. The semi-

reactions and the electrolyte depend also on the membrane used in the process. [1] 

Under alkaline conditions, the reaction proceeds as follows: [6] 

Anode            4 OH⁻ → O2 + 2 H2O + 4 e⁻ Eº = 0.401V [6] 
Cathode            4 H2O + 4 e⁻→ 2 H2 + 4 OH⁻ Eº = -0.828V [6] 

Net reaction            2 H2O → 2 H2 + O2                                              ΔE°= -1.23 [1,6] 

In alkaline environments, water undergoes reduction at cathode, resulting in the production of 

hydrogen (H2) and hydroxide ions (OH-). Due to the positive attraction of the anode, OH- anions 

spontaneously diffuse toward it through the Anion Exchange Membrane (AEM) of AEMWE 

or the porous diaphragm of traditional alkaline electrolyzers. At anode, OH- are oxidized, 

releasing water, oxygen and electrons. Electrons flow from anode to cathode through the 

external circuit. [6]  

In acidic media, the process consists in the following reactions: [1] 

Anode            2 H2O → O2 + 4 H+ + 4 e⁻   Eº = +1.23V [1] 

Cathode            4 H+ + 4 e⁻→ 2 H2  Eº = 0.0 V [1] 

Net reaction            2 H2O → 2 H2 + O2                                              ΔE°= -1.23V [1,6] 

When an acidic electrolyte is used, water is oxidized at anode, producing oxygen and protons 

(H+). The protons cross the Proton Exchange Membrane (PEM) and spontaneously diffuse 

towards the cathode due to its negative charge. At the cathode, protons are reduced to form 

oxygen. Electrons flow from anode to cathode, through the external circuit. [6] 

The electrochemical process of water electrolysis is governed by thermodynamic and kinetic 

factors, both playing a crucial role in determining the feasibility and the efficiency of hydrogen 
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production. Thermodynamics defines the minimum energy requirement for the reaction, 

whereas kinetics determines the rate at which the reaction proceeds.  

Thermodynamic parameters of water electrolysis change depending on the temperature. In 

particular, below 100°C water is in liquid state, whereas the products oxygen and hydrogen are 

gaseous: additional energy is required to convert water into vapor before it can be decomposed. 

At temperature higher than 100°C, water is already in vapor phase and there is no need to 

consider the energy needed for the phase change. [5,11] 

Table of values of enthalpy change, Gibbs free energy change and entropy change for both 

conditions are provided. 

In standard conditions of temperature and pressure (temperature = 298K, pressure = 1 bar), 

when water is in liquid form, whereas oxygen and hydrogen are gaseous, thermodynamic 

parameters are as follows: 

Parameter Value Reference 

ΔH°(l) Enthalpy change 285.84 kJ/mol [5] 

ΔS°(l) Entropy change 163.6 J/mol·K [5] 

ΔG°(l) Gibbs Free energy change 237.2 kJ/mol [1] 

 

Table 1: Thermodynamics parameters for water electrolysis, assuming the process to be in standard conditions 
(298 K, 1 bar) [1,12] 

Thermodynamic parameters of water vapor at 373 K (100°C) are listed in the table below:  

Parameter Value Reference 

ΔH°(vap) Enthalpy change 241.80 kJ/mol  [5] 

ΔS°(vap) Entropy change 44.10 J/mol·K  [5] 

ΔG°(vap) Gibbs Free energy change 228.66 kJ/mol  [1] 

 

Table 2:  Thermodynamics parameters for water electrolysis, assuming the process to be at 373 K (100°C), 
1bar. [1,12] 

In an isobaric system, the energy required for a reaction to occur is given by the enthalpy change 

associated with the reaction, ΔH°. [11] The ΔH° of water electrolysis is the total energy required 

to break the bonds of water molecules to form hydrogen and oxygen. It has a positive value, 
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indicating that the reaction is endothermic. [5] This energy can be supplied in form of electrical 

energy, represented by Gibbs free energy change (ΔG°), and thermal energy (Q). [11] 

The following relationship holds: [11] 

 

Where: 

• ΔH° (kJ/mol) is the enthalpy change, 

• ΔG° (kJ/mol) is the Gibbs free energy change, 

• ΔS° (J/mol·K) is the entropy change, 

• T (K) is the absolute temperature of the system, 

• Q (kJ/mol) is the heat adsorbed in the reaction. 

The Gibbs free energy represents the minimum energy required to drive a non-spontaneous 

reaction. [12] The ΔG° of water electrolysis has a positive value, this indicates that the reaction 

is endergonic, non-spontaneous without an external energy source. [11] 

The Gibbs free energy change for liquid water, ΔG°(l), can be calculated using the equation: [12] 

 

Where: 

• ΔG°(l) (kJ/mol) is the Gibbs free energy change of liquid water, 

• ΔH°(l) (kJ/mol) is the enthalpy change of liquid water, 

• T (K) is the absolute temperature of the system, 

• ΔS° (J/mol·K) is the entropy change. 

The entropy change is a measure of the disorder in the system. Considering water electrolysis 

below 100°C, ΔS° has a so high value due to the phase transition of liquid water into the two 

gaseous products. The increase in entropy should favour the reaction by promoting disorder, 

however the highly positive enthalpy counteracts this effect, keeping the Gibbs free energy 

positive and the reaction nonspontaneous. [12] 

For an electrochemical reaction, ΔG° can be related to the cell potential applied across the cell 

and the total charge transferred in the reaction. It is expressed by the following equation: [12] 
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Where: 

• ΔG° (kJ/mol) is the Gibbs free energy change, 

• n is the number of electrons transferred in the reaction, 

• F (C/mol) is the Faraday constant (approximately 96,485 C/mol), 

• ΔE°cell (V) cell is the cell potential in standard conditions. 

In a nonspontaneous reaction, such as water electrolysis, ΔG > 0, and due to the negative sign 

in the equation, ΔE°cell < 0, meaning that an external voltage is needed for the reaction to occur. 

[12] 

In electrolyzers, two different thermodynamic voltages are identified: the free energy 

electrolysis voltage “E”, also called reversible potential; and the thermoneutral voltage “V”, 

often referred to as enthalpy potential. 

The free energy electrolysis voltage “E” represents the minimum voltage in terms of electrical 

energy required to drive the nonspontaneous electrolytic reaction, it does not consider any heat 

required for the reaction. For water electrolysis, in standard conditions of temperature and 

pressure (temperature = 298K, pressure = 1 bar), it is calculated through the equation: [12] 

 

Where:  

• E(T,P) (V) is the free energy electrolysis voltage at a given temperature T and 

pressure P, 

• ΔG(T,P) (kJ/mol) is the Gibbs free energy change reaction at a given 

temperature T and pressure P, 

• n is the number of electrons transferred in the reaction, 

• F (C/mol) is the Faraday constant (approximately 96,485 C/mol). 

At voltages below 1.23V, the reaction will not proceed. [1,5,6] This value represents the 

thermodynamic minimum potential required for the reaction to occur under ideal conditions. 

[5,13] 

However, in addition to the electrical energy represented by Gibbs free energy and the 

reversible potential E, the system also requires heat to satisfy the enthalpy change of the 
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reaction. In practical applications, the system must operate at a potential equal or greater than 

the thermoneutral voltage V, to account for the heat required by the reaction. The thermoneutral 

voltage allows the reaction to proceed without any net heat absorption or release ensures a 

balanced, isothermal electrolysis process. It is calculated as:  [12] 

 

Where:  

• V(T,P) (V) is the thermoneutral voltage at temperature T and pressure P, 

• ΔH(T, P) (kJ/mol)is the enthalpy change of the reaction at a given temperature T and 

pressure P, 

• n is the number of electrons transferred in the reaction, 

• F (C/mol) is the Faraday constant (approximately 96,485 C/mol). 

When the applied voltage equals thermoneutral potential, the electrical energy covers also the 

heat requirements. [12] 

Given the endothermic nature of the reaction, if the necessary heat is not supplied, either 

through an external heating source or by maintaining the thermoneutral voltage, the system will 

draw this energy from its surroundings, resulting in a decrease in the temperature of the system 

or its immediate surroundings. This cooling effect can negatively impact the reaction's 

efficiency, affecting both the equilibrium and the reaction kinetics. 

Increasing the operating temperature of the electrolyzer reduces the necessary voltage input. 

However, high-temperature electrolysis raises concerns, such as potential damage to the 

components of the electrolyzer stack. Also, the cost of heat supply must be considered, although 

it could potentially be mitigated whether the electrolytic system is integrated with an 

exothermic process. [5,11] 
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2.4. Reactions Kinetics: Overpotentials  

In real systems, when current is applied, a voltage higher than the thermoneutral voltage V is 

required to drive the electro splitting of water molecules, due to several energy losses. [5,13] 

This additional voltage, known as “overpotential”, represents the excess energy required 

beyond the theoretical potential ΔE° to overcome intrinsic barriers in the reaction system, 

including all the resistances that impede the reaction progress. [1,6] 

The actual operative voltage of electrolyzers ranges from 1.6V to 2.0V, with this variability 

depending on the pH of the electrolyte and the effectiveness of the electrocatalysts involved in 

the oxygen and hydrogen evolution reaction. [1] 

The actual operating voltage Ecell includes the theoretical voltage ΔE°, plus all the 

overpotentials and can be calculated with the following equation: [14] 

 

Where: 

• Ecell (V) is the final operating voltage, 

• ΔE°(V) is the theoretical voltage, 

• ηact (V) is the activation overpotential, 

• ηohmic (V) is the ohmic overpotential, 

• ηconc (V)is the concentration overpotential. 

A crucial aspect to take into consideration is that hydrogen production rate of water electrolysis 

is directly proportional to the current supplied to the electrolyzer, as with current rise, the 

number of reactions occurring per unit time increases. However, as the current is raised to 

enhance hydrogen production, the operative voltage also increases, because all the 

overpotentials increase. In particular, ohmic overpotential rises linearly with the current, while 

activation and concentration overpotential follow more complex, non-linear dependencies, as 

described in following sections.  

Since this will lead to higher power consumption at elevated current densities, a balance 

between hydrogen production and energy efficiency is needed. 
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2.4.1. Activation Overpotential  

The activation overpotential (ηact) is also known as charge transfer overpotential and represents 

the energy needed to break the chemical bonds before the reaction can proceed. This 

overpotential depends on electrochemical kinetics, electron and proton migration. Activation 

overpotential increases as the current rises, since the number of reactions per unit time also 

increases, resulting in more energy needed to compensate the kinetics.  [1,14]  

The relationship between current density and both anodic and cathodic activation overpotentials 

is described by Butler-Volmer equation: [1] 

 

Where: 

• j (A/m2) is the current density; 

• j0 is the exchanged current density; 

• a is the charge transfer coefficient; 

• n is the number of electrons involved in the reaction; 

• F is the Faraday constant; 

• η is the overpotential: the first term is the anodic contribution, while the second the 

cathodic one. 

• R is gas ideal constant; 

• T(K) is the temperature. 

When the equilibrium potential (Eeq) is applied to the electrodes, the oxidation and reduction 

reactions occur at identical rates. At microscopic level, there is a continuous flux of electrons 

between electrodes and electrolyte, but for every electron that enters the electrode for reduction, 

another electron exits the electrode through oxidation. As a result, the anodic and cathodic 

currents are equal in magnitude but opposite in direction, neutralizing each other and producing 

no net current in the external circuit. 

The exchange current density (jo) is the current density that flows equally in both forward and 

backward direction at equilibrium. This parameter represents the intrinsic rate of the oxidation 

and reduction reactions under equilibrium conditions and is a key indicator of catalyst 

efficiency: a higher value indicates faster reaction kinetics and lower overpotential values.  
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The value of the exchange current density is calculated by extrapolating the linear fit of a 

logarithmic graph that relates the current to the overpotential, up to the point where the 

overpotential is ideally zero, estimating the theoretical current under equilibrium conditions. 

This value depends on the catalyst material, the electrolyte, and the operating temperature. [1] 

The charge transfer coefficient a describes how the electrical potential at the electrode-

electrolyte interface is effective in reducing the activation energy for an electrochemical 

reaction. This parameter, with a value ranging from 0 to 1, provides insights on the symmetry 

of the reaction, specificity how the applied potential influences the rate of oxidation versus 

reduction. When it is equal to 0.5, both the anodic (oxidation) and cathodic (reduction) 

activation energy barriers are equally affected by changes in electrode potential. 

When the activation overpotential is very small, around 10mV, the exponents in the Butler-

Volmer equation can be approximated to linear behaviour, as follows: 

 

Instead, Tafel equation is a simplification of Butler Volmer equation appliable only at high 

overpotentials: [1,14] 

  

Where:  

• ηact (V) is the activation overpotential; 

• a is a constant specific to the Tafel equation, depending on the reaction and catalyst 

material, with separate values tabulated for the cathode and anode; 

• ln is natural logarithm; 

• j (A/m2) is the current density; 

• b is the Tafel slope, also distinct for the anode and cathode.  

Specifically, to apply the Tafel equation to determine the Tafel slope, the overpotential must be 

higher than RT/F, typically the minimum value is around 45−50 mV, in order to neglect 

contributions from the back reaction. [5] 
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Indeed, when the absolute value of overpotential (|η|) is high, one of the two exponential terms 

of the equation dominates the process. For example, when it is very positive, around 100 mV, 

the anodic reaction dominates the process, and between the current density and the overpotential 

there is a measurable logarithmic correlation. On the other hand, when the overpotential is very 

negative, e.g. -100 mV, the cathodic reaction dominates, and a similar logarithmic relationship 

is observed for the reduction process.  [1,14] 

The Tafel plot is a graph that describes the correlation between the overpotential and the natural 

logarithm of the current density. The slope of the resulting straight line is the Tafel slope, a 

parameter which quantifies how quickly the overpotential increases as the current density rises. 

A smaller value indicates that a higher increase in current density results in a small increase in 

overpotential, indicating more efficient reaction kinetics. [1] 

The Tafel plot is experimentally obtained by recording polarization data (recording current 

while varying the potential), converting the current density values to their natural logarithm, 

and plotting the results against the overpotential. The linear region of the plot, where the 

overpotential and the natural logarithm of the current density exhibit a linear relationship, is 

identified and the Tafel slope (b) and the intercept (!) are determined by performing a linear fit 

of the data in this region. To ensure accuracy, the Tafel slope must be measured under steady-

state conditions. It is important to note that values higher than 120 mV/dec indicate the presence 

of other phenomena, that cannot be attributed to the kinetics of the reaction, e.g. structural 

changes in the catalyst or the formation of resistive surface layers. [5]  

An electrocatalyst is required for both OER and HER to overcome the kinetics of the reactions: 

it will reduce the activation overpotential, improving the efficiency of the system. [6,13] Tafel 

slope is used to compare the performance of different electrocatalysts: an effective catalyst 

presents a small Tafel slope, because it minimizes the increase in overpotential required to 

achieve higher current densities. Moreover, the morphology of the catalyst plays a crucial role 

in reducing the activation overpotential by enhancing the reaction kinetics: porous structures 

and nanostructures provide a larger surface area, exposing more active sites for the reactions.  

The operating temperature has also an effect on reaction kinetics, with higher temperatures 

resulting in faster electrochemical reactions and lower activation overpotentials. However, the 

temperature must be carefully controlled to avoid damages on stacks materials, particularly on 

the anion exchange membrane. 
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2.4.2. Ohmic Overpotential 

Ohmic overpotential results from electrical resistances at surfaces and interfaces in the system, 

it increases linearly with the current following Ohm’s law: 

  

Where: 

• ηohmic (V) is the ohmic overpotential; 

• I is the current; 

• Rohm is the total ohmic resistance. 

The total ohmic resistance is given by the sum of the resistances caused by the electrolyte, the 

electrodes, the membrane and the bipolar plates. Therefore, the product of the resistances and 

the current gives the value of ohmic overpotential, described by the formula: [1,14] 

 

Where: 

• ηohmic (V) is the ohmic overpotential, 

• I (A) is the applied current, 

• Rele (Ω) is the resistance due to electrodes, 

• Rely (Ω) is the resistance due to electrolyte, 

• Rmem (Ω) is the resistance due to the membrane, 

• Rbp (Ω) is the resistance due to the bipolar plates. 

The electrode resistance is the sum of electrical resistance of both anode and cathode and 

depends on factors such as the length and the area of the electrode, together with the resistivity 

of electrode materials. The resistance of the electrolyte depends on its composition and on the 

eventual presence of bubbles formed during the reaction, which can increase this value reducing 

the contact area between electrode and electrolyte. [14]  

However, the membrane typically represents the highest resistance source. [1,5] This value 

depends on several chemical-physical characteristics of the membrane, such as tortuosity, 

thickness, wettability, porosity and area. [14] Lower tortuosity, a thinner, larger membrane 
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simplifies the ionic transport path. Good wettability improves ionic conductivity, while optimal 

porosity facilitates ion mobility by providing adequate volume for electrolyte transport. 

However, these parameters must be balanced to avoid compromising the mechanical stability 

of the polymeric membrane, this aspect will be discussed in paragraph 2.9.1. 

2.4.3. Concentration Overpotential 

Mass transfer, or concentration overpotential, results from mass transport limitations that 

determine a non-stoichiometric supply of reactants to the catalytic centre. This value is affected 

by the thickness and porosity of electrode that determines the ease of diffusion through it. [5] 

Applying Nernst equation, it is possible to calculate the mass transfer overpotential: [1] 

 

Where: 

• ηconc (V) is the concentration overpotential, 

• R (J/mol K) is the gas constant (approximately 8,3145 J/mol K), 

• n is the number of electrons transferred in the reaction, 

• F (C/mol) is the Faraday constant (approximately 96,485 C/mol), 

• C is hydrogen or oxygen concentration at electrode-membrane interface, 

• Co is the reference concentration, often bulk electrolyte concentration. 

As the current density increases, the number of reactions occurring at the electrode surface also 

increases, resulting in a higher concentration of product species at the reaction interface. 

Consequently, overpotential caused by mass transport limitation increases too. [1]  

However, concentration losses occur at very high current densities, higher than current density 

operating range of electrolyzers, for this reason its effect can be neglected. [1,14] 

  



 22 

The relationship between voltage and current density is described by polarization curves, with 

the three types of overpotentials contributing to the characteristic shape of the current-voltage 

curve. A typical polarization curve for an electrolyzers is showed below. 

 
Figure 6: Typical polarization curve of an electrolyzer. Adapted from reference [15] 

The activation overpotential impacts the initial portion of the curve, where electron transfer 

reactions occur, called “activation overpotential region”. In this region, the voltage increases 

rapidly with current density, with an exponential relationship. At increased current densities, 

there is the “ohmic overpotential region”, where the voltage rises linearly with the current. In 

this current region, the current is limited by the internal resistance to ion flow, including 

material's resistance, with the anion exchange membrane being the most significant contributor. 

As the current density increases further, the curve reaches the "concentration overpotential 

region”, where the reaction rate is strongly limited by the mass transfer, specifically the ability 

of water to reach electrode's surface and produced gasses to be removed. [15] 

To reduce overpotentials, the following strategies can be employed: 

• Activation overpotential: increase the operating temperature (with the drawback of 

damages on components of the stack), employ effective catalysts, decrease catalyst’s 

particle size and enhance its porosity.  

• Ohmic overpotential: use materials with good electrical conductivity, reduce the 

thickness of components, use high-conductivity membranes (considering issues with 

mechanical strength, described in paragraph. 2.9.1.). 

• Concentration overpotential: optimize flow management to improve mass transport. 
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2.5. Electrolysis Classification  

Electrolytic cells are primary composed by the electrodes and the electrolyte, the latter carries 

and conducts ions from one electrode to the other during the reactions. [3] 

Several types of water electrolyzers have been developed and can be classified based on the 

electrolyte type or the operative temperature.  

The electrolyte can be either liquid or solid. Moreover, electrolysis can occur in both alkaline 

and acidic media, the two reactions are comparable, the main difference is that in the alkaline 

environment, the conducting species is the hydroxide anion (OH-); while in acidic conditions, 

this role is assumed by the hydrogen cation (H+). [3,5]  

Electrolytic cells can also be designed to operate at different temperatures, which influences 

both the reactions, and the materials used. In general, they can be categorized into two types: 

low-temperature electrolyzers and high-temperature electrolyzers. Low-temperature cells, 

operating up to 100°C, include Alkaline Water Electrolyzers (AWE), Proton Exchange 

Membrane Water Electrolyzer (PEMWE) and Anion Exchange Water Electrolyzers 

(AEMWE). In contrast, high-temperature ones, operating above 500°C, include Solid Oxide 

Electrolysis Cells (SOEC) and Molten Carbonate Electrolytic Cells (MCEC). [3,11] 

Water electrolyzers can be further classified, based on their design, in “finite” or “zero-gap” 

configuration. In both systems, a separator or a membrane is always placed between anode and 

cathode, serving to keep the two compartments distinct and to prevent the mixing of produced 

gasses. This material also ensures ion mobility: it selectively conducts ions (OH- or H+, based 

on the electrolyte) and water, but not O2 and H2.  The design, whether finite-gap or zero-gap, 

depends on the thickness and chemical nature of the separator. [5] 

In a finite-gap design, there is a measurable distance between the anode and the cathode, 

determined by the thickness of the porous separator, that can reach 2mm. In contrast, in a zero-

gap configuration, the two electrodes are separated without a visible distance between them, 

utilizing thin polymeric membrane with low permeability to O2 and H2. [5] 

While the finite-gap configuration decreases the crossover of the gasses, also results in an 

increase of ohmic resistance, consequently, the current density can reach maximum 0,25A/cm2, 

which makes this design not suitable for the integration with renewable forms of energy.  



 24 

On the other hand, zero-gap design reduces ohmic resistance, lowering the voltage required for 

a given current density; however, it may introduce issue relative to crossover of gasses. [5] 

The figure below illustrates the finite gap (a) and zero gap (b, c) configurations.  

 

Figure 7: Schematic representation of three types of electrolyzers: a) AWE finite gap system, b) zero-gap 
PEMWE, c) zero gap AEMWE. Adapted from reference [5]. 
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2.5.1.  AWE: Alkaline Water Electrolyzers 

Traditional Alkaline Water Electrolyzers (AWE) represent one of the most established and most 

widely used electrolytic technology for hydrogen production. [16] Typically, AWE operates at 

a current density ranging between 0.2 A/cm2 and 0.4 A/cm2, with a cell voltage in the range 

1.85–2.2 V and at moderate temperatures of 70–90°C. [6,13] 

The main advantage of this technology is that it does not rely on noble metal catalyst, resulting 

in lower costs respect to Proton Exchange Membrane Water Electrolyzers (PEMWE). [6] 

Indeed, anode and cathode are usually composed by, respectively, Nickel and Cobalt oxides. 

[13] 

The electrolyte typically consists of an aqueous solution of concentrated (20/30%) sodium 

hydroxide (NaOH), or potassium hydroxide (KOH), both creating an alkaline environment. [6] 

However, concentrated electrolyte can lead to corrosion problems on components of the system, 

affecting durability and reliability of the whole electrolyzer. [17] Another issue related to the 

electrolyte is that both KOH and NaOH are sensitive to atmospheric CO2, resulting in formation 

of carbonates, that have an impact on the performance of electrolysis. The reaction consumes 

KOH or NaOH, in this way it reduces the number of OH- available, thus decreasing the ionic 

conductivity of the electrolyte. Furthermore, the salt can precipitate in the pores of the electrode 

and porous transport layer, obstructing ion transfer and physically blocking the access of water 

to the active sites and the release of H2 and O2 from the active sites.  [6,18] 

Alkaline electrolyzers can be designed either in finite or zero-gap configuration. In the figure 

below, both types of configurations are showed. 

 
Figure 8: Different cell designs for traditional alkaline water electrolysis: (a) finite gap configuration; (b) zero 

gap configuration. Adapted from reference [19] 
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In finite gap alkaline electrolyzers, a porous separator of a thickness up to 2mm, such as Zircon 

and Perl UTP 500, is placed between the electrodes. [5] 

In zero-gap configuration, separators are made by ceramic oxides (asbestos or potassium 

titanate), or polymers (polypropylene or polyphenylene sulphide). [6]. Despite reducing the 

ohmic resistance, the diaphragm of alkaline electrolyzers cannot completely prevent the 

crossover of gas from the two compartments, causing O2 diffusion from anode into the cathode 

side, where it reacts with H2 forming H2O and reducing the purity of H2 and the efficiency of 

the electrolyzer. Moreover, safety concerns arise when the mixing of these two gases occurs. 

[16] 

To overcome the crossover problem, AWE systems should operate at high current density, 

which increase electrochemical reactions by reducing the residence time of gasses within the 

system. However, this solution leads to a high overpotential due to increased resistance of the 

diaphragm, requiring extra voltage to drive the electrochemical reaction beyond its equilibrium 

voltage. [17] 

After AWE, Proton Exchange Membrane Water Electrolyzers (PEMWE) and recently Anion 

Exchange Membrane Water Electrolyzers (AEMWE) technologies have been developed. Both 

types are used in zero gap configuration, with PEMWE in acidic environments and AEMWE 

in basic conditions. [5] 
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2.5.2. PEMWE: Proton Exchange Membrane Water Electrolyzers 

Proton Exchange Membrane Water Electrolyzers (PEMWE) represent a relatively young 

technology, developed in 1960s, showing good stability, good performance and the potential to 

address some of the limitations of alkaline electrolyzers, such as their limited achievable current 

density. [6,16,17] Indeed, PEMWE can operate at a current density of 2 A/cm2 at 90 °C, at 

about 2.1 V. [6,13,17] 

PEMWE foresees the presence of a polymeric membrane as solid electrolyte, typically a 

perfluorosulfonic acid (PFSA) membrane, such as Nafion. The membrane conducts hydrogen 

cations (H+) from anode to cathode and separates H2 and O2 that are produced. [6] Nafion 

membranes are composed of a polytetrafluoroethylene (PTFE) backbone, a polymer consisting 

of carbon and fluorine atoms, which provides chemical stability. Attached to the PTFE skeleton 

there are double ether perfluoro side chains, that terminate in sulfonic acid groups (-SO3H), the 

ionically active part of the membrane. [20] 

The acidic nature of the electrolyte allows a faster water electrolysis reaction’s kinetic 

compared to alkaline systems [6]. In acidic environments, many protons are available for 

immediate charge-discharge and H2 is produced directly from protons, enhancing the efficiency 

of the reaction; while in alkaline conditions, before H2 can be formed, the strong H-O bond in 

water molecules has to be broken.  [1] 

In addition, Nafion membrane provides high conductivity, due to the high mobility of H+. 

Moreover, it is more effective at reducing crossover respect to the diaphragm of AWE, resulting 

in a higher purity of the hydrogen produced and a more efficient system. [17] Moreover, the 

absence of the corrosive caustic electrolyte used in alkaline electrolyzers, makes the technology 

safer. [6] 

However, the acidic environment requires the use of specialized and expensive materials, along 

with noble metal-based catalyst. [16] Specifically, oxygen evolution reaction can only be 

effectively catalysed by expensive and precious metal oxides, such as Iridium or Ruthenium 

alloys, which offer a minimal overpotential. [1] Usually, in PEMWE systems, anode and 

cathode are respectively made of IrO2 and Pt. [13] 

PEMWE can operate under high pressure, meaning that hydrogen can be supplied to the end-

user in a high-pressure state. This hydrogen is ready for usage or storage, eliminating the need 
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for additional compression steps, representing a significant economic advantage. Moreover, 

high pressure increases mass transport efficiency by reducing the volume of gas near the 

electrode. A differential pressure mode is typically used: anode and cathode are maintained 

under different pressure conditions, creating a pressure gradient. This system mitigates the 

dangers associated with handling pressurized oxygen and the risk of titanium self-ignition in 

oxygen. The pressure gradient acts as an additional driving force for the permeation of hydrogen 

cations through the membrane, moreover it partially returns the oxygen blocked inside the 

membrane back to the anode, minimizing oxygen crossover. [21] 

However, highly pressurized systems raise safety concerns and considerations about stack 

durability in high pressure conditions. In particular, to maintain the critical concentration of H2 

in O2 below the safety threshold of 4% by volume at pressures higher than 100bars, thick 

membranes are necessary. These membranes possess higher resistance, reducing the efficiency 

of the system. Moreover, the components of the stack can be degraded under such critical 

pressure conditions: membranes are more prone to rupture, and the degradation and corrosion 

of the metallic components, such as bipolar plates, electrodes, current collectors, is faster. For 

these reasons, although some commercial PEMWE have achieved an output pressure of 700 

bar, the average pressure is kept in the range between 30-50bar. [21] 

The figure below presents the typical configuration for PEMWE.  

 

 
 Figure 9: Typical configuration of PEMWE. Adapted from reference  [22].  
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2.5.3. AEMWE: Anion Exchange Membrane Water Electrolyzers 

Anion Exchange Membrane Water Electrolyzers (AEMWE) represent an emerging technology 

that combine some of the best features of AWE and PEMWE, resulting in an inexpensive and 

high-performance solution, which can reach high operation current density of 2 A/cm2 at 2.1 

V. [17,23] 

The table below compares the properties of AEMWE with those of AWE and PEMWE, 

highlighting the differences in operating conditions, costs, and technological readiness. [6] 

 

 AWE PEMWE AEMWE 

Electrolyte 20-30% KOH PFSA 3-10% KOH 

Charge carrier OH- H+ OH- 

Separator Porous diaphragm Nafion membrane 
Anion Exchange 

Membrane 

Temperature range (T°) 65-100 °C 70-90 °C 50-70 °C 

Typical discharge H2 

pressure (bar) 
25-30 bars 30-80 bars 30 bars 

OER catalyst 

Ni2CoO4 

La-Sr-CoO3 

Co3O4 

Ir oxides 

Ru oxides 

NiO 

NiFe2O4 

Co3O4 

CoFe2O4 

CoNiO2 

CoFeNiO4 

HER catalyst Ni Pt/C 
Pt/C 

CeO2-La2O3 

Conventional current 

density (A) 
0,2-0,5 A 0,8-2,5 A Up to 2 A 

Typical voltage range (V) 1,85-2,2 V Around 2,1 V Around 2,1 V 

Hydrogen purity (vol%) 99.3-99.9 99.9999 99.99 

System costs (€/kg) 800-1300 €/kg 1200-2000 €/kg NA 

Technology status Mature Mature R&D 

Table 3: Comparation of main features of AWE, PEM and AEM electrolyzers [6]. 
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Similarly to AWE, in AEMWE the environment is kept alkaline to reduce the electrocatalysts’ 

price: non platinum group catalysts are used. Moreover, the alkaline environment makes 

possible the usage of inexpensive bipolar plates and porous transport layer. [23] Electrolytes 

are usually liquid aqueous solution of KOH or NaOH, the latter is more affordable but exhibits 

lover conductivity values. [16]  AEMWE typically operate at electrolytes concentration ranging 

from 3 to 10% by mass [16] to bypass corrosion issues associated with traditional alkaline 

systems, which foresees the use of 20-30% concentrated electrolyte. [17] In traditional alkaline 

electrolyzers, OH- conduction occurs only through the liquid electrolyte, since the porous 

diaphragm is merely a separator that allows OH- ions passage without being conductive by 

itself. For this reason, the performance of traditional alkaline water electrolysis reaction is 

directly proportional to the electrolyte concentration: a higher concentration of anions reduces 

the polarization resistance of electrodes and overall cell resistance. [16] In contrast, in AEMWE 

less concentrated electrolytes can be used because the Anion Exchange Membrane (AEM) 

contains cationic groups that coordinates with OH- ions, making the membrane itself 

conductive.  

The key similarity with PEMWE is the use of membrane separation, more effective at reducing 

crossover compared to the diaphragm used in alkaline systems. In AEMWE, this is achieved 

through a dense polymeric Anion Exchange Membrane (AEM), which conducts OH- anions. 

However, the long-term stability of AEM electrolyzers is still under investigation, as it is 

limited by the stability of the polymeric backbone and pendant cationic group. This topic will 

be discussed in detail in paragraph 2.7.1. [17] 

In the figure below there is an operational scheme of an anion exchange membrane electrolyzer. 

  
Figure 10: Operational scheme of anion exchange membrane electrolyzer. Adapted from reference [13]. 
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2.6. Hydrogen Evolution Reaction in Alkaline Conditions 
To analyse Anion Exchange Membrane electrolysis, it is crucial to examine Hydrogen and 

Oxygen Evolution Reactions in alkaline conditions, as both can be divided into different steps.  

In alkaline conditions, the first step in Hydrogen Evolution Reaction is Volmer reaction: water 

molecule dissociation and hydrogen adsorption on the surface of the electrode. [1,5] Since water 

dissociation is a slow reaction, it is the rate-determining step that controls the overall speed of 

the hydrogen evolution reaction.[1,16]  

The * in the equations indicates the catalyst surface, a chemical species shown next to this 

symbol represents a species adsorbed on the catalyst surface.  

Volmer reaction can be represented by the following equation: [1] 

H2O + e⁻ → H* + OH⁻ Volmer 

It follows the desorption of H2 from cathode, that can proceed either through Heyrovsky step, 

an electrochemical route; or via Tafel step, a chemical pathway, which is typically the preferred 

mechanism. [1] The mechanism by which the H2 desorption proceeds depends on the H* surface 

coverage. Heyrovsky route occurs when the H* surface coverage is low: H* interacts with a 

proton and an electron simultaneously, generating H2, according to the following reaction: [1,5] 

H2O + e⁻ + H* → H2 + OH⁻ Heyrovsky 

On the other hand, when the H* surface coverage is high, Tafel route proceed and two adjacent 

H* combine, releasing H2, as indicated in the reaction below: [1,5] 

2 H* → H2 Tafel 

The activity of HER decreases with pH increase: alkaline electrolytes demonstrate lower 

activity toward HER respect to acidic ones. Indeed, the reaction kinetics is two or three order 

of magnitude slower in AEMWE, compared to PEMWE. In acidic conditions, HER consists in 

hydrogen gas direct formation starting from protons. In contrast, in alkaline media, before H2 

can be formed, the strong covalent H-O bond in water must be broken and this requires 

significant energy. Additionally, OH- can also adsorb on the catalyst, reducing the active sites 

available for H+ adsorption. [5,16,24]  
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2.7. Oxygen Evolution Reaction in Alkaline Conditions 

The kinetic of Oxygen Evolution Reaction is intrinsically slower with respect to the evolution 

of hydrogen, since the OER necessitates the transfer of four electrons per oxygen molecule, 

whereas the HER only requires two electrons for the formation of one hydrogen molecule. [16] 

The reaction presents high overpotentials, due to kinetic barriers at each of the four charge-

transfer steps of the reaction mechanism. [1,5] Due to its particularly sluggish kinetics, the OER 

will be examined in this research, with a focus on catalysts derived from non-noble metals. 

Initially, the possible reaction mechanisms will be briefly described to provide context.  

Below are described the possible mechanisms for OER in alkaline environment. The * in the 

equations indicates the catalyst surface, a chemical species shown next to this symbol represents 

a species adsorbed on the catalyst surface. [1]  

The Adsorbate Evolution Mechanism (AEM) describes the electrochemical behaviour of OER 

electrocatalysts based on metallic oxides or hydroxides in alkaline environments. [1,24] 

The first step involves the adsorption of an OH− anion onto the active site on catalyst’s surface, 

forming the intermediate ∗OH and releasing one electron: 

1.  * + OH⁻(aq) → *OH + e⁻ 

Subsequently *O forms through deprotonation: 

2. *OH + OH⁻(aq) → *O + H2O + e⁻ 

Then the mechanism can proceed through two different ways:  

 

3°.  *O + OH⁻(aq) → *OOH + e⁻ 

 4°. *OOH + OH⁻(aq) → O2(g) + H2O + e⁻ + * 

3b. 2 O* → 2* + O2(g) + e⁻ 

 

The Adsorbate Evolution Mechanism includes several variants, each following distinct 

pathways that involve the formation of intermediates such as ∗O, ∗OH, and ∗OOH, until the 

oxygen molecule is produced. The formation of these intermediates on catalyst’s surface is 

crucial and represents the rate-determining step. [1,24] The variants of the AEM mechanism 

are listed below. [1] 
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1. Electrochemical oxide path: 

* + OH⁻ → *OH + e⁻ 

*OH + OH⁻(aq) → *O + H2O + e⁻ 

2*O → 2* + O2(g) 

2. Oxide path: 

* + OH⁻(aq) → *OH + e⁻ 

2*OH⁻ → *O + * + H2O 

2*O → 2* + O2(g) 

3. Krasil’ shchkov path: 

* + OH⁻(aq) → *OH + e⁻ 

*OH + OH⁻(aq) → *O⁻ + H2O 

*O⁻ → *O + e⁻ 

*O + *O → 2* + O2(g) 

4. Yeager’s path: 

* + OH⁻(aq) → *OH + e⁻ 

*z+1OH → *z+1OH + * + e⁻ 

2*z+1OH + 2OH⁻(aq) → 2* + 2H2O + O2(g) 

5. Bockris path:    

* + OH⁻(aq) → *OH + e⁻ 

*OH + OH⁻(aq) → *H2O2 + e⁻ 

*H2O2 + OH⁻(aq) → *OOH⁻ + H2O 

*H2O2 + *OOH⁻ → 2* + OH⁻(aq) + O2(g)   
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For perovskites catalysts, the accepted mechanism is the Lattice Oxygen Participation 

Mechanism (LOM), showed below: [1] 

OOH* → (Vo + OO*) + H* + e⁻ 

(Vo + OO*) + H2O(l) → O2(g) + (Vo + OH*) + H+ + e⁻ 

(Vo + OH*) + H2O(l) → (H*O-site + OH*) + H+ + e⁻ 

(H*O-site + OH*) → OH* + H+ + e⁻ 

Here, Vo indicates an oxygen vacancy caused by the participation of lattice oxygen atoms in 

the OER. 

While in the AEM mechanism, the evolved oxygen derives from water or hydroxyl ions of the 

electrolyte, in the LOM mechanism, the oxygen released comes directly from the catalyst's 

lattice, which is replaced by OH⁻ ions from the electrolyte. 
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2.8. OER Electrocatalysts  

In all the proposed OER mechanisms, the catalyst’s active site undergoes reactions of oxidation 

and reduction, reason why metals with stable and variable oxidation states can potentially be 

electrocatalyst for oxygen evolution reaction. Since the evolution of oxygen occurs from the 

oxide’s surface, the mechanism by which the reactions proceed vary based on the different 

catalysts’ structural morphology and oxide layer thickness.  [1]  

There are two main typology of oxygen evolution reaction electrocatalysts:  

• Electrocatalysts based on noble metals:  ruthenium (Ru) and iridium (Ir) based catalyst, 

particularly RuO2 and IrO2, are considered the state-of-art catalysts for OER in acidic 

conditions, however they lack long-term stability in alkaline pHs, so are not a feasible 

candidate in AEMWE. [5,24,25] Other noble metal-based catalysts comprise ruthenium 

(Ru), gold (Au), lead (Pb), platinum (Pt), also developed as bi-functional or tri-

functional electrocatalysts. [24] 

• Electrocatalysts not based on noble metals: the alkaline environment of AEMWE 

enables the use of a wide range of non-noble metal-based electrocatalysts, which are 

being developed due to their abundance and cost-effectiveness. Many non-platinum 

group catalysts are thermodynamically stable in solid oxide or hydroxide form at high 

pH and high potential and are well suited to catalyse oxygen evolution reaction. 

[5,6,24,25] 

This thesis will investigate non-noble metal-based OER electrocatalysts for AEMWE. In 

particular, transition metal-based oxides are widely exploited as electrocatalyst for OER in 

AEMWE, for their availability, affordable costs, high activity and stable performance. They 

can be used as single transition metal oxides, perovskite or spinel structures. [13]  

In literature, several transition metal-based electrocatalysts have been explored as potential 

OER catalysts, including both monometallic (e.g., Mn2O3, Fe2O3, Co3O4, NiO) and bimetallic 

compounds (e.g., NiFe2O4, CoNiO2). [25]  

Understanding the binding strength of the electrocatalyst’s active site and the reaction 

intermediates is crucial to enhance the efficiency of OER. [24] Indeed, according to Sabatier 

principle, an efficient catalyst should have a moderate bonding strength with the adsorbed 
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intermediates. The bonding must not be too weak to impede intermediate bonding; nor too 

strong, which would hinder the desorption of intermediates once the reaction occurred. [1] To 

assess whether a catalyst is suitable to catalyse the reaction, volcano plots are commonly used 

as they provide valuable insights into the relationship between catalytic activity and the 

enthalpy of adsorption of reaction intermediates, that is the quantity of energy released when 

the intermediates of the reaction bond to the catalyst surface. [1] 

The figure below presents a volcano plot. The Y-axis represents the overpotential value (mV), 

which is an indicator of the rate of oxygen production, while the X-axis shows the enthalpy 

change (kg/mol) in acidic (black square) and alkaline (white square) solutions. [1]  

 

Figure 11: Volcano plot that relates overpotential values with enthalpy change for transition metal oxides. 
Adapted from reference [1]. 

The plot highlights a “volcano relationship”: compounds with intermediate values of -ΔH° 

shows lower overpotential values, which in turn implies a higher catalytic activity. [1]  

Metal oxides of ruthenium and iridium are on the top of the plot, with an intermediate -ΔH°, 

that allows an efficient OER catalytic activity, due to their excellent electrical conductivity and 

low redox potential. Despite RuO2 and IrO2 are the best electrocatalysts in terms of 

overpotential, Ir and Ru are noble metals, implying high costs and rarity. For this reason, 

researchers are focusing on developing catalysts using more available and affordable materials. 

As shown by the plot, compounds like manganese, nickel or cobalt oxides are less efficient than 

ruthenium or iridium-based catalyst, but could offer a compromise between catalytic activity, 

costs and availability. In contrast, Fe3O4 has an excessively high -ΔH°, which prevents the 
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release of reaction intermediates, while PbO2 has an excessively low -ΔH°, which impedes its 

ability to bind them. [1] 

The limited OER catalytic activity of manganese-based compounds has previously been 

documented. Particularly, Mian Li et al. (2015) reported that an increase in manganese content 

within ferrous oxides results in higher overpotentials for OER compared to the incorporation 

of metals such as cobalt, nickel, or copper. This is likely due to the low electrical conductivity 

and the presence of different structural phases that can reduce the exposure of catalytic sites. 
[25,26] 

Similarly, Fe2O3 has been associated with poor OER activity, due to its low electronic 

conductivity, which limits the electrons transfer during the reaction; and non-optimal binding 

strength with reaction intermediates, as shown in volcano plot in figure 11. [1,25] Despite this, 

Naiying Du et al. (2022) reported that iron-based (oxy)hydroxides, FeOxHy, demonstrated the 

highest turnover frequency (TOF) compared to other monometallic (oxy)hydroxides, following 

the order FeOxHy > CoOxHy > NiOxHy > MnOxHy, as shown from graph below (figure 12), 

representing OER activity of different (oxy)hydroxide electrocatalysts. On Y axis, it is 

represented the overpotential value in mV, while the X axis shows the turnover frequency 

(TOF) in s-1, the latter is the number of molecules produced per single active site per unit time, 

representing the speed with which a catalytic site generates oxygen per unit time, a higher value 

indicates a higher catalytic activity. [5]  

 

Figure 12: Plot that relates turnover frequency (TOF) with overpotential values (η) of different (oxy)hydroxide 
based electrocatalysts. Adapted from reference [5]. 
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It results that, when its poor electrical conductivity is mitigated, iron can show promising OER 

catalytic activity. In particular, the incorporation of iron into nickel- or cobalt-based 

electrocatalysts has been reported to enhance performance. [23] Indeed, iron containing 

catalysts show lower overpotential values and higher TOF values, compared to single-metal 

oxides, with Ni0,71Fe0,29OxHy demonstrating the best performance, followed by 

Co0,59Fe0,41OxHy. [5,25] 

One of the challenges related to noble metal free catalyst is the optimization of chemical 

compositions, activity and stability of the metal. These catalysts usually present lower 

conductivity respect to noble metals, which results in lower mass specific activity, that often 

necessitates a higher catalyst loading, which in turn can increase potential losses associated to 

ohmic resistance. [16]  

Electrocatalysts containing two or more metal oxides were developed to increase OER activity: 

• Perovskite oxides have a cubic crystal symmetry and a composition of ABO3, in which 

the tetrahedral site is occupied by a rare earth element or an alkali earth metal (A), while 

a transition metal occupies the octahedral site (B). They have a unique 3d electronic 

structure and a tuneable composition, that allows to change the structure and the 

electronic states to enhance the activity and durability. However, they have yet to been 

implemented into real AEMWE systems. [13] 

• Spinel structures have a composition of AB2O4, in which A is the transition metal in a 

divalent oxidation state occupying the tetrahedral site, B is the transition metal in a 

trivalent oxidation state occupying the octahedral site. These structures were developed 

because of their high electrocatalytic activity, charge transfer performance and stability 

in alkaline environments. Enhancement in OER activity can be achieved by changing 

the electronic states through selecting different metals, varying the A and B 

combinations, and modifying the oxygen content at the sites. [13,27] 

Nickel-based and cobalt-based catalysts will be discussed, as they were analysed in this thesis. 
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2.8.1. Nickel based electrocatalysts  

Nickel is an abundant and non-noble metal-based material already used in traditional alkaline 

water electrolysis as OER and HER catalysts, these conditions make it an unexpensive and 

easily available candidate to replace noble-metal based electrocatalysts. [5] 

Pourbaix diagrams can provide insights on the stability of the material as function of pH and 

voltage. However, they are only based on thermodynamic considerations, without taking into 

account the kinetics, the particle sizes and the morphologies of the catalyst. For these reasons, 

experimental testing in a real electrochemical cell is essential to assess the actual stability of 

the catalyst under operative conditions. Pourbaix diagram for Nickel is presented below. [5] 

 

Figure 13: Pourbaix diagram for nickel in aqueous electrolytes at ambient pressure and 25 °C. Adapted from 
reference [5]. 

The coloured portion of the graph is the pH and voltage range in which the material is corroded, 

while the white rectangular box represents the typical operating conditions for water 

electrolysis. In particular, the pH range for AEMWE, which includes diluted KOH or NaOH 

electrolyte, is between 9 and 12. [5] 

Nickel based oxide/(oxy)hydroxide have been widely used as OER electrocatalysts. Indeed, 

NiO, with a simple and symmetric ionic structure, is known to show long-term stability under 

alkaline pH and high-voltage conditions. [5,28] 

Since nickel-based catalysts on their own typically demonstrate low catalytic activity for the 

evolution of oxygen, iron-nickel based electrocatalysts were developed. Iron was incorporated 
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in the nickel oxide lattice, easily replacing some nickel atoms in the oxide/(oxy)hydroxide 

lattice, due to the similarity of the two elements, presenting an atomic number of 28 for Fe and 

26 for Ni. The resulting NiFe2O4 catalyst has a spinel crystal structure, in which oxygen ions 

form a face-centred cubic lattice, and the cations, Ni2+ and Fe3+, occupy tetrahedral and 

octahedral interstitial sites. [5,16] Previous studies reported that iron-nickel oxides demonstrate 

elevated performances compared to the monometallic nickel or iron oxides, due to the synergy 

between the two elements, [25] with the presence of iron significantly increasing OER activity 

and facilitating the formation of high surface area structures.  Because iron is present in trivalent 

form, while nickel in divalent configuration, the substitution creates a change in overall charge, 

compensated by anions and water molecules intercalation, with the creation of a layered high-

surface area structures, facilitating ions transport. [5,16] 

However, Emily K. Volk et al. (2023) reported overpotential values of NiFe2O4 similar to those 

of NiO, at comparable exchanged current densities, contradicting previous studies. Notably, 

their study utilized an iron concentration higher than the commonly referenced value. [25] 
Indeed, it has been previously reported that in NiOxHy catalysts, the optimal OER activity is 

achieved when the iron atomic concentration is between 5% and 10%, and it remains stable up 

to 30-50%. Beyond this range, Fe forms Fe2O3, that transitions to the unstable FeOOH form, 

reducing the effectiveness of iron incorporation. [5] The graph below presents Emily K. Volk 

et al. (2023) results, comparing the performance of different OER electrocatalysts, showing 

overpotential (mV) on the Y-axis and current density (mA/cm2) on the X-axis. [25] 

 
Figure 14: Tafel plots of different electrocatalysts. Current densities normalized by geometric surface area. 

Adapted from reference [25]. 
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Notably, NiO and NiFe2O4 demonstrated similar overpotential values, suggesting that 

incorporation of higher concentration of iron to nickel oxide did not increase the catalytic 

activity. Moreover, as expected based on previous analysis, Mn2O3, Fe2O3 showed the highest 

overpotentials value, higher than 500mV, already at relatively low current densities. This 

outcome highlights their limited application as OER electrocatalysts, consistent with previous 

studies.  [25] 

Beside NixFey alloys, also Ni-based alloys containing aluminium and molybdenum have been 

developed, however in alkaline and high potential conditions, there are stability issues. [5] 

2.8.2. Cobalt based electrocatalysts  

Cobalt containing electrocatalysts have been reported to have high performance towards 

oxygen evolution reaction, mostly attributed to high electrical conductivity, high mobile oxygen 

vacancies, and multiple oxidation states in the spinel structure. [25] 

Cobalt Oxide (Co3O4) is a spinel-structured oxide, with the cobalt occupying both the 

tetrahedral and octahedral site: A-sites are typically occupied by divalent cobalt (Co2+) and B-

sites by trivalent cobalt (Co3+). [13] 

Cobalt demonstrates stability in alkaline environments and in the operative voltage of water 

electrolysis, as showed by the Pourbaix diagram below.  

 

Figure 15: Pourbaix diagram for cobalt, in aqueous electrolytes at ambient pressure and 25 °C. Adapted from 
reference [5]. 
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The coloured portion of the graph is the pH and voltage range in which the material is corroded, 

while the white rectangular box represents the typical operating conditions for water 

electrolysis. In particular, the pH range for AEMWE, which includes diluted KOH or NaOH 

electrolyte, is between 9 and 12. [5] 

However, challenges related to long-term stability under operative conditions, have been 

reported. A study performed by Emily K. Volk et al. (2023) highlighted that Co3O4 shows a 

significant decrease in activity during operation conditions, with deactivation percentages 

ranging from 45% to 71%. When the measured current was normalized by the double-layer 

capacitance, which is a measure of the electrochemical surface area, the deactivation 

percentages range between 29% and 54%, suggesting that part of the deactivation is likely due 

to a loss of active surface area. The loss in active surface can be due to the catalyst detachment 

from the substrate, which reduces the number of active sites; the dissolution of cobalt ions in 

the electrolyte; the formation of additional oxide layer on the catalyst’s surface, that can 

potentially passivate the active site and lead to particles agglomerations.  [25]  

These findings indicates that also in this case, the stability of cobalt-containing catalysts must 

be assessed experimentally under practical operative conditions, in order to include kinetics and 

morphological factors. 

The spinel’s catalytic activity can be further improved by substituting some elements (such as 

Ni, Mn, Fe, Cu, and Li) in the sites.  [13] Indeed, similarly to the nickel-based catalyst, iron, at 

atomic concentrations ranging from 40% to 60%, can be incorporated into the cobalt lattice, 

increasing OER activity. However, the incorporation occurs at a slower rate compared to nickel-

based alloys. Additionally, adding high concentrations of iron can reduce the electronic 

conductivity, due to the formation of less conductive iron oxides. [5] 
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2.9. Materials and Components of an AEMWE 

The figure below illustrates a schematic representation of a single-cell configuration of an AEM 

water electrolyzer.  

 

Figure 16: Schematic representation of single-cell configuration. Adapted from reference [5]. 

In industrial scale electrolyzers, multiple such units are stacked and electrically connected in 

series to form an electrolyzer stack. The total voltage is the sum of the individual cell voltages, 

while the current density is constant across all cells.  

This configuration relies on several key components, each with a specific role in the electrolysis 

reaction: 

• Frames facilitate the diffusion of products and the supply of reactants to the electrodes, 

ensuring a uniform distribution. 

• Bipolar plates are flat separators that ensure electrical contact between adjacent cells in 

the stack, connecting the anode of one cell to the cathode of the adjacent one. They are 

used to match the power supply voltage by stacking multiple electrolysis cell units in 

series.  
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• Porous transport layer (PTL) or gas diffusion layer (GDL): serves to the transfer of the 

electrolyte to the reaction site and the release of generated gases from the reaction zone. 

Additionally, the PTL provides mechanical support to the membrane [13].  

• Anodic and cathodic electrocatalysts are where the reduction and oxidation reactions 

occur, respectively.  

• Anion Exchange Membrane (AEM) allows anion exchange and separates anode from 

cathode. 

The combination of porous transport layer, catalysts layer and anion exchange membrane 

compose the Membrane Electrode Assembly (MEA), which is the core of the electrolyzer. [29] 

The alkaline conditions of AEMWE allow to use less expensive materials for stack components, 

respect to titanium or platinum employed in PEMWE systems. In particular, bipolar plates are 

commonly composed of stainless steel, graphite, or nickel, while porous transport layers are 

made of porous nickel, porous stainless steel, or porous graphite. [16] 

2.9.1. Anion Exchange Membrane (AEM) 

The membrane is responsible for anions exchange, allowing the passage of OH- required for 

the reactions. This role is supported by the electrolyte, that provides the anions. Moreover, the 

membrane allows the separation between anode and cathode. [13] 

Similarly to PEMWE, also in AEMWE, a dense polymeric membrane is used, namely an anion 

exchange membrane. [17] However, unlike PEM, this membrane allows the passage of 

hydroxyl ions (OH-), rather than protons (H+), transporting them from cathode to anode. 

Moreover, it avoids the passage of electrons and gasses produced by water electrolysis. [6] 

AEM are composed by anion exchange polymers: a polymeric backbone with cationic 

headgroups anchored to it. [5]  

Both components determine the chemical stability of the membrane, while the polymeric 

backbone, generally composed by polysulfone (PSF) or polystyrene crosslinked with 

divinylbenzene, is responsible for mechanical and thermal stability [6] 

Cationic headgroups, attached to the polymeric chain, are accountable for ionic transport 

properties, such as ion exchange capacity, ionic conductivity, and transport number. [5,6] These 
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groups serve as exchange sites for hydroxide anions (OH-) and many of them contain nitrogen-

based functional units. [5] 

Notable groups include: 

• Quaternary ammonium functional groups [5] 

• Imidazolium cation [5,17] 

• Benzimidazolium cation [5,17] 

• Guanidinium [5] 

• Pyridinium [5] 

• Tertiary diamines [5] 

• Sterically shielded phosphonium and sulphonium head-groups [5] 

• Ligand metal complexes [5] 

 

 

Figure 17: Structures of different types of cations used in anion exchange membranes.[5] 
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One of the main challenges of AEM electrolyzers is to synthesize an anion exchange membrane 

with mechanical stability and ionic conductivity both high. [6] 

The conductivity of the membrane is a crucial parameter, since it affects the efficiency and 

voltage required to sustain the desired current density. [6] An increase of ion exchange groups 

could increase conductivity, since more groups allows more ions to move through the 

membrane. However, this also increases water uptake and consequently compromise 

mechanical strength. [6] Moreover, to minimize the internal cell resistance, membrane’s thin 

structure is essential. [23] 

The stability of the membrane is a critical parameter in determining its suitability for use 

AEMWE: if the membrane is not sufficiently stable, it may degrade over time, leading to an 

increased gas crossover between the anode and the cathode, that will determine a decrease in 

the purity of H2 produced and a reduced efficient of the whole system. The membrane’s stability 

can be assessed by monitoring voltage while maintaining constant current density, an increased 

voltage suggests instability, possibly due to polymer or ion exchange group degradation. [6] 

Currently, the stability of the polymeric chain and cationic functional groups limits the long-

term application of anion exchange electrolyzers. [17] In particular, many anion exchange 

membranes break down at moderate temperature, such as 60°C. [5] 

Previous studies identified various degradation mechanisms, listed below: [5] 

1. Nucleophilic substitution (SN2) benzyl substitution, 

2. Nucleophilic substitution (SN2) methyl substitution, 

3. β-elimination substitution, 

4. Ylide intermediated rearrangements, 

5. SN2 Ar aryl ether cleavage in the polymeric backbone, 

6. Ring opening of imidazolium, 

7. SN2 methyl substitution in imidazolium, 

8. Heterocycle deprotonation of imidazolium, 

9. SN2 and ring opening of piperidinium, pyrrolidinium, and morpholinium, 
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10. Ring opening of N-spirocyclic ammonium, 

11. Dehydrofluorination of the polymer backbone, 

12. Nucleophilic addition and displacement in pyridinium, 

13. Nucleophilic degradation of guanidinium.   

Quaternary amines and imidazolium groups are particularly susceptible to degradation in 

alkaline environment. The most common degradation mechanisms include Hofmann 

degradation, SN2, or ring-opening reaction. High temperatures accelerate the rate of 

degradation. [5]  

2.9.2. Catalyst Deposition in Membrane Electrode Assembly (MEA) 
Production 

Anodic and cathodic electrodes are where the electrochemical reactions occur. In particular, the 

formation of oxygen takes place at anode during Oxygen Evolution Reaction (OER), while 

hydrogen is produced at cathode through Hydrogen Evolution Reaction (HER). To enhance the 

efficiency of the reactions and reduce overpotentials, catalyst layers are employed on electrodes 

or on membrane. [13]  

To develop a MEA, the catalysts required to drive the reactions, can be applied either on the 

membrane or on a support. [20] 

The Catalyst Coated Membrane (CCM) manufacturing foresees the application of the catalytic 

layer on the membrane. The preparation of the CCM-MEA mainly foresees the spray coating 

of a catalytic ink on the membrane. Another technique, addressed as doctor blade method, can 

be implemented, which foresees the application of catalytic ink with a blade positioned at a 

specific distance from the substrate, where the distance determines the thickness of the 

deposited layer. However, typically better results are achieved with the spray coating technique, 

which results in a precise control of the loading and a low resistivity. The main advantage of 

CCM is that the catalyst is in close proximity with the membrane, this improves ionic 

conductivity, enabling a lower catalyst loading. Despite this, electrical contact between current 

collectors is less effective. [16] 

In the Catalyst Coated Substrate (CCS) fabrication, the catalyst is deposited on a support, 

specifically the PTL. [20] The substrate coating process mainly involves a wet route, where the 
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catalytic ink is deposited on the PTL through spraying or painting. To reduce the large use of 

solvents associated with these techniques, thin-film deposition methods are being explored, 

including chemical vapor deposition, atomic layer deposition, ion beam sputtering deposition, 

magnetron sputtering. [5,16] The supporting substrate, despite providing mechanical support to 

the catalyst, resulting in a stable catalytic layer, also enables electron transfer and guarantees 

the efficient removal of produced gasses. [16] 

Several materials could potentially be used as substrate: Ti paper, platinized Ti plates, stainless 

steel felt, Ni felt, Ni foam, carbon paper, carbon cloth. However, titanium is excluded since it 

is expensive and more affordable materials can be used in alkaline conditions, while carbon 

materials do not have long-term stability under alkaline conditions. Moreover, stainless steel 

passivates at anodic potential in alkaline conditions, this ensures stability but reduces electrical 

conductivity at the interface between the electrolyte and the electrode. The standard material 

used for the PTL in AEMWE is nickel, which can be in form of nickel felt or nickel foam. [16] 

In this thesis, nickel felts have been utilized as both the anode and cathode material, with 

catalysts deposited on its surface following the CCS methodology. Further details are provided 

in paragraph 3.2. 

The figure below presents a representation of the catalyst coated substrate setup.  

 
Figure 18: Representation of CCS. Adapted from reference [20]. 
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3. Experimental  

During this research, MEA design included the use of commercially available materials, which 

have been processed through steps such as: membrane treatment, catalysts ink formulation and 

deposition on nickel felt PTL and electrodes thermal treatment. 

The anodic catalysts selected for this thesis were Nickel Oxide (NiO), Nickel Iron Oxide 

(NiFe2O4) and Cobalt Oxide (Co3O4). The average particle’s sizes of the commercially 

available powders, declared from the suppliers, are showed in table below. 

Co3O4 15nm 

NiO  18nm 

NiFe2O4 20nm 

Table 4: Average particle's sizes of commercially available catalytic powders. 

The cathodic catalyst employed, necessary to complete the MEA and enable tests in the 

electrochemical cell, was Platinum on Carbon (Pt/C). 

3.1.  Formulation of Catalytic Inks 

A crucial step in the preparation of electrocatalysts is the formulation of catalytic inks, which 

employs commercially available catalytic powders. The typical catalytic ink preparation 

process for AEMWE foresees a wet route, in which the nanostructured catalytic powder is 

mixed with appropriate concentrations of solvents and ionomer. [5] However, the specific 

formulation of the catalytic ink used in this study will not be specified to protect the company's 

confidentiality. 

The small particles size of the catalyst is crucial to achieve a homogeneous distribution in the 

solvent, since smaller particles with higher surface area disperse better. A homogeneous mixing 

of the catalytic inks positively influences the quality of the deposition on the nickel felt support, 

generating a uniform catalytic layer, important for maximizing the electrochemical 

performance. Moreover, smaller particle sizes positively influence catalytic activity due to the 

higher surface/volume ratio, which results in more atoms exposed to the surface and 

consequently more active sites available for the reaction. 
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Solvents are of extreme importance since they ensure the solubilization of the ionomer and a 

proper dispersion of catalyst powders, to avoid particles agglomeration which would cause a 

non-homogeneous catalyst deposition. During the catalytic ink deposition, the solvents 

evaporate, promoting the catalyst particles adhesion to the support and facilitating the formation 

of pores. The porosity is essential to minimize mass transport limitations and ensure efficient 

diffusion of reactants and products, moreover, a porous structure provides a higher surface area 

with more exposed active sites, enhancing the catalytic activity. Commonly used solvents 

include deionized water, isopropyl alcohol, ethanol, acetone. Often, these solvents are used in 

combination to balance their chemical properties. [5] 

The Anion Exchange Ionomer (AEI) acts as a binder, providing mechanical stability to the 

catalytic layer. It has been reported that the ideal ionomer loading ranges between 5% and 20% 

by weight, however the exact value must be determined experimentally. The ionomer is 

typically chemically similar to the membrane, which results in a reduced interfacial resistance 

and a comparable swelling ratio, that helps prevent the catalyst detachment. [5] In this study, 

the ionomer was selected based on its compatibility with the chosen membrane, the specific 

composition of both the AEM and the AEI are not specified to protect the company’s 

confidentiality. The figure below shows the ionomeric solution, consisting of ionomer dispersed 

in solvents, the specific quantities are not specified to preserve corporate confidentiality. 

 
Figure 19: Ionomeric solution. 

The ionomeric solution is combined with the catalyst powder and additional amounts of 

solvents, then mixed using mechanical stirrers to produce the inks.  

The catalytic inks are stabilized through a sonicator, a technology that employ high-frequency 

ultrasonic waves to break eventual agglomerates. In this way, a uniform dispersion of the 

catalyst particles within the solution can be achieved.  
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The following images illustrate the catalytic inks of the anodic catalysts NiFe2O4, Co3O4, NiO. 

 

Figure 20: NiFe2O4 catalyst ink. 

 

Figure 21: Co3O4 catalytic ink. 

 

Figure 22: NiO catalytic ink. 

3.2. Inks Deposition 

The stabilized catalytic inks have been deposited on circular nickel felts, using the CCS 

methodology and following a specific deposition pattern in line with the industrial practices of 

Arco Technologies S.r.l. The catalyst loading for each CCS electrode was determined in 

collaboration with the company, based on an analysis of the literature, and will not be specified 

to protect the company's confidentiality. The heated plate is set to 90°C to promote solvents 

evaporation. 

The image below shows the prepared deposition plan, with the supporting nickel felt on top, 

onto which the catalytic inks have been deposited.  

 
Figure 23: Deposition pattern of electrodes with Ni felt above. 
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The figure below illustrates the nickel felts with the anodic catalytic inks deposited on the 

surfaces. 

 

Figure 24: NiFe2O4 electrode. 

 

Figure 25: Co3O4 electrode. 

 

Figure 26: NiO electrode. 

 

3.3. Anion Exchange Membrane (AEM) Pretreatments 

The commercially available anion exchange membrane is supplied from the producer in the dry 

chloride/iodide form, a stable form for transport and storage, but it is not the operative form. 

Hence, the membrane has been subjected to pretreatments, necessary to substitute iodide ions, 

since the initial quantity of iodine can negatively influence its efficiency and durability.   

Initially, the membrane, in its dry state, was placed in an excess salt solution of NaCl (3M) for 

4 hours at a temperature of 50°C to facilitate the substitution of iodide anions with chloride 

anions and to hydrate the membrane gradually. Subsequently, the membrane was immersed in 

a 1M KOH solution for 24 hours to convert it into its hydroxide form, the operative form for 

alkaline water electrolysis. 

 
Figure 27: AEM in 3M NaCl solution at 50°C. 

 
Figure 28: AEM in 1M KOH solution. 
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3.4. Electrodes Treatments  

Heat treatments are of extreme importance during the synthesis of electrocatalysts: the 

temperature has an influence on the morphology of the catalyst’s surface, particles size, active 

centre. Indeed, it is reported that thermal treatments enhance both the catalytic activity and the 

stability of electrocatalysts: treated electrodes showed improved performance, including 

increase in current densities and improved charge transfer. These improvements are associated 

to a reduction in catalyst particle sizes and enhanced morphology resulting from the temperature 

increase. Moreover, the heat treatment makes evaporate any contamination of previous 

preparation steps and ensures a uniform dispersion of the catalyst on the support. [30] 

Different methods are available to perform the treatment, including stove heating, which is the 

most widely applied technology, but there are also more advanced techniques, such as 

microwave heat treatment, plasma heat treatment, ultrasonic spray pyrolysis. [30] 

Despite the approach of thermally treating catalyst powders during synthesis is well-explored 

and applied to improve catalytic properties, research on thermal treatments on CCS deposited 

electrodes remains limited. One problem is the mechanical stability associated with the 

ionomer, that decreases when high temperatures are applied. However, it could be mitigated 

through the insertion of PTFE thin films, which improve the mechanical strength and stability 

of the ionomer. [31] 

During this thesis, heat treatments have been performed directly on the CCS electrodes. The 

anodic electrocatalysts, specifically NiFe2O4, NiO, Co3O4, along with the cathodic Pt/C, have 

been subjected thermal treatments of 2 hours in an oven. In particular, a NiFe2O4 sample has 

been heated for 2 hours at high temperatures of 350°C circa. Then, another NiFe2O4 sample has 

been processed for 2 hours at lower temperatures, specifically 120°C. The sample treated at 

350°C was analysed through SEM/EDS, XRD and electrochemically tested, results were 

compared with those treated at 120°C. Based on considerations from the SEM analysis 

discussed in paragraph 4.1.5, NiO and Co3O4 were subjected exclusively to the lower 

temperature treatment at 120°C. 

The figure below shows an example of the thermal treatment of the electrodes conducted in an 

oven. 
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Figure 29: Electrodes’ thermal treatment. 

3.5. Electrochemical Characterizations in AEMWE Test 
Station 

The CCS-deposited MEA have been tested using a single-cell configuration in an 

electrochemical AEMWE test station, under the following operative conditions: 

Cathodic electrocatalyst Pt/C 

Anodic electrocatalysts NiFe2O4 

NiO 

Co3O4 

Electrode active area 64 cm2 

Electrolyte 1M KOH 

Pressure  Atmospheric  

Temperature  60°C 

Operative current density 0,6 A/cm2 

Table 5: Parameters for tests in electrochemical cell. 

The constant current density applied to the system was selected based on the hydrogen 

production requirements of the company. 

The electrolyte is introduced at the anode side, where OH⁻ ions are consumed in the 

electrochemical reaction. By supplying the electrolyte directly to the anode, a sufficient 

concentration of OH⁻ ions is ensured, which is essential to sustain the reaction efficiently. 
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The MEA is assembled by pressing together the previously prepared components, directly in 

the cell hardware. The hot-press assembly, commonly used in PEMWE configurations, cannot 

be used in AEMWE systems, since the nickel felts would damage the membrane in those 

conditions of temperatures and pressures. [16] 

The image below shows an assembled electrochemical cell. The port labelled "in" is the entry 

point of the electrolyte, while the one labelled "out" is where the electrolyte exits, along with 

oxygen. Hydrogen exits through the separate, unlabelled port. Tubes are connected to allow the 

entering of the electrolyte and collect the exiting substances.  

 

Figure 30: Assembled cell. 
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4. Results and Discussion 

This thesis focused on the development and investigation of different CCS anodic electrodes 

for AEMWE based on different catalytic compositions: NiFe2O4, NiO, Co3O4. The process 

involved the preparation of catalyst inks, their deposition on nickel felt substrates, thermal 

treatments on electrodes and subsequent characterizations. Morphological and structural 

properties were investigated using SEM/EDS and XRD analyses. Moreover, all the anodic 

electrocatalysts were subjected to individual electrochemical testing in a single-cell 

configuration, with a Pt/C cathode, to evaluate and compare their catalytic performances and 

stability. 
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4.1. Scanning Electron Microscopy (SEM) Analysis  

Scanning electron microscopy (SEM) is an effective tool to analyse organic and inorganic solid 

samples on a nanometre to micrometre scale.  It is often coupled with energy dispersive X-ray 

spectroscopy (EDS) that provides qualitative and semi-quantitative analysis on elements 

present in the sample. The working principle of SEM analysis relies on a high energy electrons 

beam, generated by a heat source, interacting with the atoms of the sample to provide 

information about the surface and the composition of the specimen. Electromagnetic lenses are 

then employed to reduce the spot size, which would otherwise be too large to produce a well-

defined image. The movement of the scan coil directs the electrons beam to different areas of 

the sample; in this way an image is formed point by point. Then, specific detectors will record 

the electrons emitted by the sample. [32] 

Based on the voltage of the electrons beam, the resulting image is different. To obtain surface 

information, low accelerating voltage of less than 5kV are used. However, higher accelerating 

voltage ranging between 15 and 30kV are employed to penetrate deeper into the structure of 

the sample, which is relevant to this study. [32] 

Whitin this research, scanning electron microscopy/energy dispersive spectroscopy 

(SEM/EDS) analyses were carried out using an E-SEM Zeiss EVO 50 Series Instrument (Carl 

Zeiss s.p.a. Milan, Italy) equipped with an INCA Energy 350 EDS micro analysis system 

(Oxford Instruments Analytical, Abingdon, UK). The accelerating voltage was 20 kV and the 

spectra collection time 60 s.  

The catalyst analysed through Scanning Electron Microscopy was the NiFe2O4, with a focus on 

evaluating the potential of thermal treatments to modify its catalytic properties. The analysis 

was performed on both NiFe2O4-coated and uncoated side of the electrodes, which were 

subjected to 350°C, 120°C, and no thermal treatment. The analytical objective was to verify the 

uniformity of the surface of the unheated samples, checking whether the deposition of the 

catalysts is homogeneous, and compare the results with the thermal treated samples to highlight 

any morphological changes on electrodes and evaluate the effects of the thermal treatments.  

Elemental mapping was carried out through Energy Dispersive Spectroscopy (EDS) on the 

same samples to have an estimated measure of the elements present in the samples, compare 

their compositions and evaluate the effects of the thermal treatments, such as materials 

degradation or impurities removal. 
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4.1.1. Untreated Nickel Felt  

The untreated nickel felt support has been analysed with SEM technology on the side where no 

catalyst was deposited, in order to characterize its surface morphology and compare it with the 

NiFe2O4 coated side and heat-treated samples. SEM images are showed below. 

  

  

Figure 31: SEM image of untreated nickel felt, captured at 100X, 500X, 1,00 KX, 5,00KX magnification. 

The analysis of SEM images of the untreated nickel felt reveals a visible fibrous structure, with 

a random distribution of fibres characterized by a rough surface. The randomness of the fibres 

creates a network-like structure that increases the porosity, enhancing the surface area available 

for the deposition of the catalyst, while the irregular surface can improve the catalyst adhesion 

to the support.  

The combination of the randomness of the fibres and the rough texture promotes a 

homogeneous catalyst deposition on the nickel felt support, crucial for the performance of the 

electrode. 
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The following plot presents the EDS spectrum of the untreated nickel felt sample, and the 

subsequent table provides the percentages of its elemental composition. 

 
Figure 32: EDS spectrum of untreated nickel felt. 

 

 
Table 6: EDS results of untreated Ni felt. 

The analysis of the elemental composition of the untreated nickel felt support confirms that the 

material is mainly composed by metallic nickel: it appears as the most prominent peak in the 

spectrum, with an atomic percentage value of 76.97%.  

In addition to nickel, also carbon and oxygen are present, in minor quantities. Oxygen, at 9.56% 

atomic, can be attributed to surface oxidation, while the carbon, at 8.11% atomic, is likely due 

to organic contaminations.  

Traces amounts of other elements, including as Al, Ti, Cr and Mn, were also detected, probably 

deriving from the manufacturing process of the nickel felt. 
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4.1.2. 350°C Thermally Treated Nickel Felt  

The nickel felt support, a porous grey material, exhibits a noticeable change in appearance after 

the 350°C thermal treatment, as can be seen from the images below. These differences suggest 

modifications in the surface composition, probably attributed to a surface oxidation. 

Differences between the treated and untreated sample have been further investigated with SEM 

technology.  

 

Figure 33: Untreated Ni felt support. 

 

Figure 34: 350°C-treated Ni felt support. 

Probably, during the heating step, the Nickel have reacted with O2 from air to form a very thin 

Nickel oxides layer on the surface, with the thickness of the oxides layer responsible for the 

bluish hue. This phenomenon, addressed as “thin-film interference”, occurs when light waves 

reflect off both the top and the bottom of the film, interacting the one with the other and 

increasing the reflection of a certain wavelengths, which causes the colourful interference seen 

in the reflected light.  

The nickel felt subjected to a temperature of 350°C has been analysed with SEM technology 

on the side where no catalyst was deposited, to investigate the effect of the high temperature 

treatment and to confirm the surface oxidation supposed by observing the bluish colour of the 

treated electrode. SEM images are showed below. 
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Figure 35: SEM image of 350°C thermally treated nickel felt, captured at 100X, 500X, 1,00 KX, 5,00KX 

magnification. 
 
The nickel felt support treated at 350°C presents a rough surface with noticeable bumps: the 

support has probably undergone oxidation. The modification of the surface may reduce the 

uniformity of adhesion of the catalyst, that can lead to increased risk of detachment and reduced 

overall efficiency of the electrochemical system. However, this hypothesis needs to be verified 

through the analysis of NiFe2O4-coated side of the electrode and by conducting electrochemical 

tests. 

The underlying chart shows the EDS spectrum of the high temperature thermally treated nickel 

felt, while the following table offers a comprehensive overview of its elemental composition.  

 
Figure 36: EDS spectrum of 350°C thermally treated nickel felt. 
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Table 7: EDS results of 350°C thermally treated nickel felt. 

The higher degree of oxidation, suggested by the SEM images, is confirmed by the EDS 

analysis, showing a significantly higher oxygen content (36.51% atomic) compared to the 

untreated nickel felt (9.56% atomic).  
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4.1.3. 120°C Thermally Treated Nickel felt 

The nickel felt treated at a temperature of 120°C has been analysed through SEM microscopy 

on the side where no catalyst was deposited, to investigate the effect of the lower-temperature 

treatment. SEM images are showed below. 

 

Figure 37: SEM image of 120°C thermally treated nickel felt, captured at 100X, 500X, 1,00 KX, 5,00KX, 10,00 
KX 20,00KX, magnification. 

 



 64 

The underlying chart shows the EDS spectrum of the low temperature thermally treated nickel 

felt, while the following table offers a breakdown of its elemental composition. 

 

Figure 38: EDS spectrum of 120°C thermally treated nickel felt. 
 

 
Table 8: EDS results of 120°C thermally treated nickel felt. 

Similarly to the 350°C-treated nickel felt, also the sample treated at lower temperature presents 

a rough surface with visible bumps (figure 37), probably derived from an oxidation. However, 

the atomic percentage of oxygen in the 120°C-treated sample (12.40%) is not significantly 

higher compared to the untreated one (9.56%). 
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The elementals compositions of the uncoated nickel felts support in its untreated, 350°C-treated 

and 120°C-treated form have been compared to highlight any differences induced by the 

thermal treatment. Data are showed below.  

Element atomic % Untreated Ni felt 350°C-treated Ni felt 120°C-treated Ni felt 

Carbon (C) 8.11% 7.30%  19.37% 

Oxygen (O) 9.56% 36.51% 12.40% 

Iron (Fe) Not detected 4.36% 0.19% 

Aluminium (Al) 3.53% 0.51% 4.27% 

Titanium (Ti) 1.01% Not detected Not detected 

Chromium (Cr) 0.19% 0.54% 0.29% 

Manganese (Mn) 0.64% 0.47% 0.54% 

Nickel (Ni) 76.97% 50.32% 62.96% 

Table 9: Comparison of atomic percentages of elements of the untreated, 120°C and 350°C-treated nickel felts. 

Nickel is the most abundant element in all the samples in terms of atomic percentage, however 

it decreases in both thermally treated samples, due to an increased percentage of other elements, 

particularly oxygen. The treated samples are more oxidized respect to the untreated one. In 

particular, the sample treated at 350°C shows a notable higher degree of oxidation: this result 

confirms the surface oxidation of the material following the heat treatment in air, as assumed 

by observing the change in colour of the high temperature treated sample (figure 33 and 34) 

and SEM images. However, to investigate whether the oxidation is extended to the bulk of the 

material or limited to the surface, XRD analysis are be performed and presented in paragraph 

4.2.2. 

Iron presence in the 350°C-treated nickel felt is likely deriving from the NiFe2O4 catalytic layer 

deposited on the other side of the electrode, due to its diffusion trough the porous nickel felt, a 

process that is enhanced by elevated temperature. 

Carbon detected in all the samples is probably deriving from nickel felt manufacturing process 

or residues of solvents. Its increase in the 120°C-treated sample can derive from the incomplete 

removal of organic contaminants derived from manufacturing process, that are instead 

eliminated at higher temperatures due to the thermal decomposition and oxidation processes. 
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4.1.4. Untreated NiFe2O4-Coated Side of the Electrode 

The untreated NiFe2O4-coated side of the electrode has been characterized through SEM 

imaging in order to evaluate the morphology of the catalyst and its distribution on the nickel 

felt support. SEM images are showed below. 

  

  

Figure 39: SEM image of untreated NiFe2O4-coated side of the electrode, captured at 100X, 500X, 1,00 KX, 
5,00KX magnification. 

 
The analysis of the SEM images reveals that the shape of the underlying nickel felt fibres is 

still visible, with NiFe2O4 catalytic layer deposited on top, covering all the Ni surface. The 

deposition appears to be homogeneous on the surface and does not obstruct the pores of the Ni 

felt, which remain clearly visible. The preserved porosity is essential to ensure an efficient 

diffusion of reactants and product during the electrochemical reactions.  

These results confirm that the deposition process has been properly performed. 

The plot below presents the EDS spectrum of the untreated NiFe2O4 coated side of the electrode, 

and the following table provides a breakdown of its elemental composition.  
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Figure 40: EDS spectrum of untreated NiFe2O4-coated side of the electrode. 
 

 

Table 10: EDS results of untreated NiFe2O4-coated side of the electrode. 

The EDS analysis of the NiFe2O4 coated side of the electrode shows a reduced nickel presence 

(5.71% atomic) respect to the uncoated side (76.97% atomic), suggesting that this side of the 

surface is largely covered by the catalyst and the underlying felt layer is less exposed. 

It is evident also a significantly higher O2 content (47.36% atomic) respect to the felt side 

(9.56%): this increase in oxygen is consistent with the catalyst being an oxide, confirming its 

successfully deposition. In addition, also the presence of iron (11.58% atomic) is coherent with 

the composition of the NiFe2O4 catalyst.  

Finally, carbon (34.65% atomic) and iodine (0.29% atomic) presence can be attributed to 

residue of reagents used during the preparation of the catalytic ink, such as solvents and ionomer 

(which has iodine and carbon in its structure). 

The differing composition of the spectra between the nickel felt side and the side where NiFe2O4 

was deposited confirms the successful formation of the NiFe2O4 layer. 
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4.1.5. 350°C Thermally Treated NiFe2O4-Coated Side of the Electrode 

The SEM analysis of the NiFe2O4-coated side of the electrode after the treatment at 350°C is 

crucial to understand the effect of the thermal treatment. SEM images are showed below.  

 

Figure 41: SEM image of 350°C thermally treated NiFe2O4-coated side of the electrode, captured at 100X, 
500X, 1,00 KX, 5,00KX, 10,00 KX, magnification. 
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SEM images indicates that the NiFe2O4 catalytic layer remains overall adhered to the support 

after the heat treatment, indeed there are no areas where the underlying fibres are exposed, or 

the catalyst has detached. This indicates that the heat treatment has not compromised the 

immediate adhesion of the catalytic layer. However, some cracks are visible, that suggest 

potential stress point that could evolve over time and cause catalyst detachment from support, 

resulting in a non-uniform distribution of the catalyst, which reduces its efficiency. 

The stability of the electrode will be assessed through performance tests conducted in the 

electrochemical cell using an electrochemical workstation. These tests will determine whether 

the material integrity is maintained over time and evaluate how the catalyst and the support 

behave under operational conditions. The results, including polarization curves, are presented 

and discussed in paragraph 5. 

The underlying chart shows the EDS spectrum of the 350°C thermally treated NiFe2O4-coated 

side of the electrode, while the following table offers a comprehensive overview of its elemental 

composition. 

 

Figure 42: EDS spectrum of 350°C thermally treated NiFe2O4-coated side of the electrode. 

 
Table 11: EDS results of 350°C thermally treated NiFe2O4-coated side of the electrode. 
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The decline in iodine and carbon following the treatment at 350°C can explain the 

morphological changes observed in SEM images, such as cracks formation.  

In particular, EDS analyses show that the untreated catalyst contains 0.29 atomic percentage of 

iodine, whereas the thermally treated catalyst shows no detectable iodine, indicating a complete 

depletion. Since iodide is part of the ionomer, its depletion can be attributed to the breakdown 

of the ionomer structure and such degradation can weaken the binding between the catalyst 

particles and the support, making the material less flexible and prone to cracking under 

mechanical and thermal stress. Additionally, the degradation of the ionomer can also impact 

the overall performance, as it is essential to ensure ionic conductivity.  

Also, a significant reduction in carbon content is observed, decreasing from 34.65% atomic in 

the untreated sample to 8.84% atomic in the 350°C-treated sample. While some of this 

reduction can be attributed to the degradation of the ionomer, it is important to note that carbon 

is present also in solvents and contaminants from the manufacturing process, which probably 

have been removed by the high temperature. 

The treated electrode shows a higher degree of oxidation (54.43% of O by atom) respect to the 

untreated one (47.36% atomic). This suggests that the catalyst undergo modification during the 

heat treatment. 

The comparison between untreated and 350°C thermally treated electrodes on both the coated 

and uncoated sides highlight that, although the high temperatures remove some impurities, the 

structural integrity of the electrode is partially compromised. The structural changes observed 

could be related to a reduction in performance, hypothesis which has to be verified by 

polarization curves in paragraph 5.1. 
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4.1.6. 120° C Thermally Treated NiFe2O4-Coated Side of the 
Electrode 

The SEM analysis of the NiFe2O4-coated side of the electrode treated at 120°C has been 

performed to evaluate any morphological changes induced by the lower temperature thermal 

treatment. SEM images are showed below.  

 

Figure 43: SEM image of 120°C thermally treated NiFe2O4-coated side of the electrode, captured at 100X, 
500X, 1,00 KX, 5,00KX, 10,00 KX, 10,00 KX magnification. 



 72 

Comparing the untreated electrode and the one treated at 120°C, no significant morphological 

differences have been observed, which indicates that the lower-temperature thermal treatment 

did not significantly alter the surface of the electrode. Furthermore, the treatment did not 

negatively affect the uniformity of the surface, and no visible cracks were detected. However, 

it is important to note that the untreated sample is already subjected to a temperature of 90°C 

during the deposition process, which is not substantially lower than the treatment temperature. 

The underlying plot shows the EDS spectrum of the low temperature thermally treated NiFe2O4 

coated side of the electrode, while the following table offers a comprehensive overview of its 

elemental composition. 

 

Figure 44: EDS spectrum of 120°C thermally treated NiFe2O4-coated side of the electrode. 

 

Table 12: EDS results of 120°C thermally treated NiFe2O4-coated side of the electrode. 

The presence of the iodide and carbon in the electrode treated at 120°C, as demonstrated by 

EDS analysis, confirms the integrity of the ionomer that ensures the adhesion of the catalyst on 

the support. 

These results confirm that the 120°C thermal treatment preserves the structural integrity of the 

electrode. 
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4.2. X-ray Diffraction (XRD) Analysis  

X-ray diffraction (XRD) is a non-disruptive analytical technique, useful to understand the 

structure and the phase purity of the sample.  

An electromagnetic radiation can be diffracted by atomic planes only if its wavelength is on the 

same scale as twice the interatomic distance (d), or smaller. X-rays are used because their 

wavelength, in the nanometre range, is short enough to match the interatomic distances found 

in crystals.  

X-rays are produced in a cathode ray tube by heating a filament to generate electrons. A voltage 

is then applied to accelerate the electrons toward a target material. When a sample is exposed 

to X-ray irradiation, several physical interactions occur, such as photon absorption through 

photoelectric effect, heat generation, fluorescence emission, electron production, and 

scattering. Scattering can be classified into two types: 

• Inelastic scattering: the scattered photons lose energy. 

• Elastic scattering: when X-rays pass through a crystal structure, the photons are 

scattered by the electrons in the atoms and retain their original wavelength. Each atomic 

plane contributing to the scattering. This scattering gives rise to the phenomenon of X-

ray diffraction. The interaction of X-rays with the atomic planes in a crystal produces 

diffraction patterns, revealing structural information. 

When the X-rays hit the sample, part of the radiation is reflected by one atomic plane, while 

another part is reflected by an adjacent one. The X-rays travel different paths, since the planes 

are not in the same position, this difference depends on the distance between the two atomic 

planes and the angle θ at which the X-rays hit the crystal. To produce constructive interferences, 

the path difference must be an integer multiple of the X-ray wavelength, satisfying Bragg's law: 

 

Where: 

• d is the interplanar distance: the spacing between adjacent atomic planes in a crystal 

lattice; 

• λ is the wavelength of X rays; 
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• n is the order of diffraction; 

• 2θ is the angle of diffraction: the angle at which the X-rays are diffracted off the planes 

of atoms in the crystal, it is measured between the incident beam and the plane of 

reflection.  

When the waves from adjacent planes interfere constructively, it is produced a diffracted beam, 

which forms a unique pattern that depends on the crystal's structure, the interplanar spacing (d), 

and the wavelength of the X-rays (λ).  

From the X-ray diffraction analysis, a diffractogram is obtained: a graph representing the 

intensity of the diffracted rays as a function of the diffraction angle (2θ). This plot is valuable 

for identifying the crystalline structure of a material: the peaks observed in the plot are 

characteristic of the phases present within the sample. The appearance of a peak indicates the 

presence of a crystalline phase, the position and pattern of the peaks indicate specific phases. A 

“search and match” analysis is performed, allowing the identification of the phases present in 

the sample by comparing the observed peaks with known phases from a database.  

Moreover, the XRD analysis provides insights on the crystallite dimensions, that can be 

estimated from the width of the peaks using the Sheerer equation, which allows the 

determination of the average crystallite size “D”: [33] 

 

Where: 

• K is the shape factor or Scherrer constant, typically between 0.89 and 1, its value 

depends on the shape of the crystallites; 

• λ is the wavelength of the X-ray radiation used, in this case Cu; 

• β is the full width at half maximum (FWHM) of the diffraction peak, in radiant; 

• θ is the Bragg angle, half of the 2θ value at which the diffraction peak occurs. 

As stated by the equation, the average crystal size is inversely proportional to the width of the 

diffraction peak, with broader peaks indicating smaller crystal sizes.  

The dimension of crystallites is a critical parameter that significantly influences catalytic 

activity: smaller crystallites guarantee a higher surface area, resulting in an increased number 
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of active sites available for reactions. Moreover, a nanometric size of the catalytic powder 

ensures a homogeneous dispersion in the solvents, that determines a proper deposition of the 

catalytic ink on the support.  

Finally, the peak intensity of the diffractogram depends on the number of atoms that are capable 

of scattering X-ray. Since crystalline portions interacts more effectively with X-rays respect to 

amorphous regions, high intensities typically indicate a higher crystalline fraction in the sample 

or a greater number of scattering atoms. Crystallinity is an important parameter that affects both 

the catalytic activity and the chemical stability of a material. High crystallinity typically 

enhances chemical stability, due to the ordered and robust structure. On the other hand, 

materials with lower crystallinity often exhibit more catalytic sites due to the presence of 

structural defects and amorphous regions, which behave as active centres for catalysis.  

During this research, the samples were characterized using X-ray diffraction (XRD) with a 

Philips X’Pert X’Celerator system. The analysis was conducted using Cu-Kα radiation over a 

2θ range of 5–80°, with a step size of 0.1° to ensure high-resolution data collection. 

XRD analysis have been conducted on NiFe2O4 powder, as well as on electrodes, including 

untreated samples and those treated at 350°C and 120°C. The analytical purpose of these 

analysis was to identify the predominant crystal phases in the samples, checking whether the 

ink deposition has been successful; and to evaluate the effects of the thermal treatments on the 

crystalline structure, as well as on particle dimensions, which have been estimated using 

Sheerer equation.  

Subsequently, XRD analysis have been conducted on NiO and Co3O4 electrodes threated at 

120°C, in order to identify the crystal phases and to estimate particle dimensions and compare 

the results with the 120°C NiFe2O4 sample.  
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4.2.1. Untreated Nickel Felt  

The XRD analysis of the nickel felt was performed to identify its predominant crystalline 

phases. This analysis is crucial for subsequent comparisons with the NiFe2O4-coated side of the 

electrode, allowing an accurate characterization by distinguishing and eliminating the peaks 

originating from the support from those of the catalytic layer. 

The resulting diffractogram is presented below. The X-axis represents the diffraction angle 2θ 

in degrees, while the Y-axis indicates the intensity in counts per second (cps). 

 

Figure 45: Diffractogram of untreated nickel felt. 
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Below is a comparison between the peaks list of the sample and the reference standard for Ni: 

Untreated Ni felt support  
Ni reference 
00-001-1260 

Intensity Angle 2θ Angle 2θ 

35148 cps 44.93° 44.60° 

17937 cps 52.25° 51.91° 

8362 cps 76.67° 76.81° 

Table 13: Predominant peaks of the Ni felt support sample compared with the reference standard for Ni. 

As expected, the peaks observed in the diffractogram of the nickel felt correspond to the 

standard metallic nickel (Ni) reference, confirming the crystalline structure of the support. This 

result indicates that the support is predominantly composed of nickel, without evident 

impurities or secondary phases. 
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4.2.2. 350°C Thermally Treated Nickel Felt  

Based on the SEM analysis (paragraph 4.1.2.) and the observed bluish colour after the 350°C 

heat treatment (figures 33 and 34), which suggested possible oxidation, XRD analysis was 

conducted on the 350°C thermally treated nickel felt support. The purpose of the analysis was 

to determine whether the observed oxidation was limited to the surface or extended into the 

bulk of the material.  

The resulting diffractogram is showed below. The X-axis represents the diffraction angle 2θ in 

degrees, while the Y-axis indicates the intensity in counts per second (cps). 
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Figure 46: Diffractogram of 350°C thermally treated nickel felt. 
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Below the peaks list of 350°C thermally treated nickel felt sample is compared with the 

untreated sample and the reference standard for Ni: 

Untreated Ni felt support  350°C-treated Ni felt support  
Ni reference 
00-001-1260 

Intensity Angle 2θ Intensity Angle 2θ Angle 2θ 

35148 cps 44.93° 48258 cps 44.83° 44.60° 

17937 cps 52.25° 22870 cps 52.15° 51.91° 

8362 cps 76.67° 12938 cps 76.62° 76.81° 

Table 14: Predominant peaks of the treated and untreated Ni felt support sample compared with the reference 
standard for Ni. 

Analysing the peaks, it appears that the crystal structure of the nickel felt support is not 

significantly changed after the heat treatment: the felt is still predominantly composed of 

metallic nickel.  

The characteristic peaks of nickel oxide, listed below, are absent in the sample, indicating that 

no significant oxidation occurred.  

NiO reference  

01-071-1179 

Angle 2θ 

37.24° 

43.27° 

62.85° 

75.37° 

79.36° 

Table 15: Reference standard peaks for NiO. 

These results indicates that the oxidation of the nickel felt support after the 350°C thermal 

treatment was limited to the surface, as XRD, being a bulk-sensitive technique, has not 

highlighted evidence of oxidation in the bulk. 
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4.2.3. NiFe2O4 Powder 

The XRD analysis of the commercially available NiFe2O4 powder was performed to understand 

its crystal structure and use it as a benchmark to evaluate the structure of the NiFe2O4 catalyst 

deposited on the electrode. This comparison is crucial to confirm the retention of the crystalline 

phase after the deposition or to assess any structural modifications.  

Moreover, the characterization of the powder allows the estimation of particle dimensions, 

discussed in paragraph 4.3. 

The image below presents the diffractogram of NiFe2O4 powder. The X-axis represents the 

diffraction angle 2θ in degrees, while the Y-axis indicates the intensity in counts per second 

(cps). 

 

Figure 47: Diffractogram of NiFe2O4 powder. 
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Below there is a comparison between the peaks list of the sample and the reference standard for 

NiFe2O4: 

NiFe2O4 powder  
NiFe2O4 reference  

00-054-0964 

Intensity Angle 2θ Angle 2θ  

2778 18.51° 18.43° 

3273 30.29° 30.31° 

4908 35.71° 35.70° 

3238 43.43° 43.38° 

2796 54.01° 53.82° 

3056 57.41° 57.40° 

3526 63.03° 63.02° 

Table 16: Predominant peaks of the NiFe2O4 powder sample compared with the reference standard for NiFe2O4. 
 

The peaks of NiFe2O4 powder align with the reference pattern for NiFe2O4, confirming that the 

powder consists primary of spinel-structured nickel ferrite. The absence of other peaks 

highlights the material's single-phase structure and indicates a high level of purity without 

significant contaminations. 
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4.2.4. Untreated NiFe2O4-Coated Side of the Electrode 

Additional XRD analysis were carried out on the CCS-electrodes to characterize the structural 

properties of the NiFe2O4 catalytic layer, before and after the temperature treatments. 

Below is showed the diffractogram of the NiFe2O4-coated side of the electrode in its untreated 

form. The X-axis represents the diffraction angle 2θ in degrees, while the Y-axis indicates the 

intensity in counts per second (cps). 

 

Figure 48: Diffractogram of untreated NiFe2O4-coated side of the electrode. 
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Below there is a comparison between the peaks list of the sample and the reference standards 

for NiFe2O4 and metallic Ni. 

Untreated NiFe2O4 electrode 
NiFe2O4 reference 

00-054-0964 
Ni reference 
00-001-1260 

Intensity Angle 2θ  Angle 2θ Angle 2θ 

2163 30.49° 30.31° / 

3264 35.76° 35.70° / 

2258 43.53° 43.38° / 

13930 44.58° / 44.60° 

7745 51.95° / 51.91° 

2439 63.13° 63.02° / 

5208 76.42° / 76.81° 

Table 17: Predominant peaks of the untreated NiFe2O4-coated side of the electrode, compared with the 
reference pattern for NiFe2O4 and Ni. 

 

The diffractogram of the NiFe2O4-coated side of the electrode reveals that while some peaks 

align with the characteristic reference pattern of NiFe2O4 powder, others do not correspond to 

the expected structure, indicating the presence of additional phases in the material.  

In particular, the most intense peak, observed at 44.58°, along with several others, aligns with 

characteristic peaks of metallic nickel, which can be attributed to the underlying nickel felt. The 

high intensity of these peaks can indicate the noticeable presence of nickel in the diffractogram. 
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The chart below provides a comparison of the diffractogram for the NiFe2O4 catalytic powder 

and the one for the NiFe2O4-coated side of the electrode in its untreated form. 

 

Figure 49: Comparison of the diffractograms of the NiFe2O4 powder and the untreated NiFe2O4-coated side of 
the electrode. 

Both the diffractogram of the NiFe2O4 catalytic powder and the one of the NiFe2O4-coated side 

of the electrode show peaks that correspond to the characteristic peaks of the NiFe2O4 structure, 

confirming the successful deposition process and indicating that the catalytic ink was properly 

deposited and adhered to the electrode. The crystalline phase of the NiFe2O4 has been preserved 
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also after the deposition process, demonstrating that the method applied do not generates 

unwanted transformations. 

However, as expected from the previous comparison between the NiFe2O4-coated side of the 

electrode and the reference patterns, certain peaks of the NiFe2O4-coated side of the electrode 

differ from those of the NiFe2O4 powder. These peaks are attributable to metallic nickel from 

the underlying nickel felt support; their high intensity indicates a significant presence of nickel 

atoms that can confirm the strong interaction between the catalytic layer and the support. 

Arise from the peaks associated either to NiFe2O4 or metallic nickel, no other peaks have been 

detected, highlighting the absence of other phases contamination and confirming that the 

deposition process does not introduces impurities. 

The slight shift of the two diffractograms likely derives from an instrumental limitation caused 

by the physical difference between the samples: the sample of the electrode is 3D, unlike the 

powder, which may have resulted in slight differences in sample height during the analysis. 

These observations confirm the reliability of the deposition process, indicating that the catalytic 

ink was properly deposited and adhered to the electrode. 
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4.2.5. 350°C Thermally Treated NiFe2O4-Coated Side of the Electrode  

The NiFe2O4-coated side of the electrode treated at 350°C was further analysed using XRD to 

investigate any structural changes induced by the thermal treatment. 

The resulting diffractogram is showed below. The X-axis represents the diffraction angle 2θ in 

degrees, while the Y-axis indicates the intensity in counts per second (cps). 

 

Figure 50: Diffractogram of 350°C thermally treated NiFe2O4-coated side of the electrode. 
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Below there is a comparison between the peaks list of the sample and the reference standards 

for NiFe2O4 and metallic Ni. 

350°C-treated NiFe2O4 electrode 
NiFe2O4 reference 

00-054-0964 

Ni reference 
00-001-1260 

Intensity Angle 2θ Angle 2θ Angle 2θ  

1734 30.59° 30.31° / 

2612 36.16° 35.70° / 

2014 43.83° 43.38° / 

11822 44.88° / 44.60° 

6287 52.15° / 51.91° 

2220 63.48° 63.02° / 

3910 76.67° / 76.81° 

Table 18: Predominant peaks of 350°C thermally treated NiFe2O4-coated site of the electrode, compared with 
the reference pattern for NiFe2O4 and Ni. 

The peaks present in the 350°C thermally treated NiFe2O4-coated side of the electrode 

correspond to the reference patterns for NiFe2O4 and metallic Ni and are consistent with the 

peaks of the untreated electrode.  

This result indicates that the thermal treatment has not influenced the phase composition.  
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Below is showed a comparison of the diffractograms of the of NiFe2O4-coated side of the 

electrode, untreated and treated at 350°C. 

 

Figure 51: Comparison of the diffractograms of the untreated and 350°C-treated NiFe2O4-coated side of the 
electrode. 

The comparison between the diffractograms of the untreated and 350°C-treated NiFe2O4-coated 

side of the electrode reveals peaks in similar position: the crystalline phases present prior the 

heat treatment are preserved. The lack of other peaks indicates that the high temperature 

treatment does not introduce any undesirable phases.  

A slight lateral shift in peak position is observed, which probably derives from an instrumental 

limitation: the three-dimensional nature of the samples may have resulted in slight variations in 

sample orientation during the analysis. 
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4.2.6. 120°C thermally treated NiFe2O4-Coated Side of the Electrode 

The 120°C thermally treated NiFe2O4-coated side of the electrode was analysed with XRD to 

highlight any structural changes induced by the thermal treatment.  

The resulting diffractogram is presented below. The X-axis represents the diffraction angle 2θ 

in degrees, while the Y-axis indicates the intensity in counts per second (cps). 

 

Figure 52: Diffractogram of 120°C thermally treated NiFe2O4-coated side of the electrode. 
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Below there is a comparison between the peaks list of the sample and the reference standards 

for NiFe2O4 and metallic Ni. 

120°C-treated NiFe2O4 electrode 
NiFe2O4 reference 

00-054-0964 

Ni reference 
00-001-1260 

Intensity Angle 2θ  Angle 2θ Angle 2θ  

4266 30.32° 30.31° / 

6506 35.58° 35.70° / 

5143 43.30° 43.38° / 

24912 44.45° / 44.60° 

17901 51.82° / 51.91° 

5706 57.34° 57.40° / 

6459 63.05° 63.02° / 

12755 76.29° / 76.81° 

Table 19: Predominant peaks 120° treated NiFe2O4-coated side of the electrode, compared with the reference 
pattern for NiFe2O4 and Ni. 

The peaks positions of the 120°C thermally treated NiFe2O4-coated side of the electrode 

correspond to the reference patterns for NiFe2O4 and metallic Ni and are consistent with the 

peaks of the untreated electrode.  

This result indicates that the thermal treatment has not influenced the phase composition.  

  



 91 

Below is showed a comparison of the diffractograms of the of NiFe2O4-coated side of the 

electrode, in its untreated and treated at 120°C form. 

 

Figure 53: Comparison of the diffractograms of the untreated and 120°C-treated NiFe2O4-coated side of the 
electrode. 

The comparison of the diffractograms of the untreated and 120°C thermally treated NiFe2O4-

coated side of the electrode reveals that the peaks appear in similar positions:  the phases present 

in the sample prior to the heat treatment are preserved after the thermal treatment.  

Performance tests in an electrochemical cell are essential to evaluate the electrochemical 

behaviour and stability of the electrocatalyst under operative conditions. The results, including 

polarization curves, are presented in paragraph 5.1. 
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4.2.7. NiO-Coated Side of the Electrode  

The 120°C thermally treated NiO-coated side of the electrode was analysed with XRD. 

The resulting diffractogram is presented below. The X-axis represents the diffraction angle 2θ 

in degrees, while the Y-axis indicates the intensity in counts per second (cps). 

 

Figure 54: Diffractogram of NiO-coated side of the electrode. 
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Below there is a comparison between the peaks list of the sample and the reference standards 

for NiO, NiFe2O4 and metallic Ni. 

120°C-treated NiO electrode 
NiO reference 
01-071-1179 

NiFe2O4 reference 
00-054-0964 

Ni reference 
00-001-1260 

Intensity  Angle 2θ  Angle 2θ Angle 2θ Angle 2θ  

2063 36.56° 37.25° / / 

3022 42.68° 43.28° / / 

8714 43.78° / / 44.60° 

5030 51.15° / / 51.91° 

2204 62.23° 62.84° / / 

3739 75.76° / 75.79° / 

1593 78.87° 79.37° / / 

Table 20: Predominant peaks 120° treated NiO-coated side of the electrode, compared with the reference 
pattern for NiO, NiFe2O4, Ni. 

The detected peaks are shifted by approximately one degree compared to the reference patterns, 

which is likely due to instrumental limitations caused by a non-ideal orientation of the sample, 

as the NiO layer is a three-dimensional structure rather than a powdered sample. 

The analysis of the diffractogram of the NiO-coated side of the electrode indicates peaks that 

corresponds to a crystalline NiO structure.  

However, the comparison with standard references highlights the presence of additional phases, 

suggesting multiple phases or potential contamination.  

In particular, the predominant peak at 43.78° and another at 51.15° align with the reference 

standard for metallic nickel, attributable to the underlying nickel felt.  

Furthermore, the peak at 75.76° corresponds to NiFe2O4, and could be attributed to residual 

contamination from NiFe2O4-coated electrode, as the NiO electrode was produced using the 

same plotter previously employed for the NiFe2O4 electrode. 
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4.2.8. Co3O4-Coated Side of the Electrode  

The 120°C thermally treated Co3O4-coated side of the electrode was analysed with XRD. 

The resulting diffractogram is presented below. The X-axis represents the diffraction angle 2θ 

in degrees, while the Y-axis indicates the intensity in counts per second (cps). 

 

Figure 55: Diffractogram of Co3O4-coated side of the electrode. 
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Below there is a comparison between the peaks list of the sample and the reference standards 

for Co3O4, NiO, NiFe2O4 and metallic Ni. 

120°C-treated Co3O4 

electrode 

Co3O4 
reference 
42-1467 

NiO 
reference 

01-071-1179 

NiFe2O4 

reference 
00-054-0964 

Ni reference 
00-001-1260 

Intensity  Angle 2θ  Angle 2θ  Angle 2θ Angle 2θ  Angle 2θ  

2887 36.06° 36.81° / / / 

5081 43.78° 44.78° / / 44.60° 

4144 51.15° / / / 51.91° 

3013 58.67° 59.32° / / / 

3149 64.53° 65.23° / / / 

3704 75.66° / / 75.79° / 

Table 21: Predominant peaks 120° treated Co3O4-coated side of the electrode, compared with the reference 
pattern for Co3O4, NiFe2O4, NiO, Ni. 

Similarly to the NiO spectrum, most of the detected peaks are shifted by approximately one 

degree compared to the reference patterns, which is probably caused by a non-ideal orientation 

of the three-dimensional sample. 

The analysis of the peaks in the diffractogram of the Co3O4-coated side of the electrode 

confirms the crystalline structure of Co3O4. It appears also a peak (51.15°) attributable to the 

underlying nickel felt. The peak at 43.78° could be attributed either to Co3O4 or to metallic 

nickel.  

Additionally, there are insights of possible contamination from NiFe2O4 (75.66°), which may 

be caused by traces of this material as the deposition of Co3O4 has been performed using the 

same plotter, subsequently to the deposition of the other two catalysts. 
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4.3. Particles Size Calculations 

Average particle dimensions were calculated for the NiFe2O4 powder and for the NiFe2O4-

coated electrode in its untreated form, as well as after treatments at 350°C and 120°C, to assess 

the effect of thermal treatments on the average crystallite size. 

Subsequently, the average crystallite dimensions of 120°C-treated NiO and Co3O4 electrodes 

were estimated and compared with 120°C-treated NiFe2O4 sample, to identify the catalyst with 

the smallest particle size and correlate the results with the electrochemical performances, 

discussed in paragraph 5. 

The estimation of the average size of the crystallites has been performed using the Scherrer 

equation: [33] 

 

Where: 

• K is the shape factor or Scherrer constant, typically between 0.89 and 1, its value 

depends on the shape of the crystallites; 

• λ is the wavelength of the X-ray radiation used, in this case Cu; 

• β is the full width at half maximum (FWHM) of the diffraction peak, in radian; 

• θ is the Bragg angle, half of the 2θ value at which the diffraction peak occurs. 

The calculations were performed using Excel. The parameters listed below are common to all 

the calculations performed and are based on the specific characteristics of the XRD instrument 

utilized.  

K 0.9 

λ 1.541874 

β instrument (°) 0.0869° 

Table 22: Parameters used for calculations of average crystallite size. 
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Below are presented the results of the calculations of the average particle size of the NiFe2O4 

powder, as well as for the untreated and thermally treated electrodes. 

 Powder Untreated electrode 350°C-treated 
electrode 

 120°C-treated 
electrode 

β (°) 1.62° 0.27° 0.50° 0.42° 

2θ (°) 35.81° 44.58° 44.88° 44.45° 

D (nm) 5.14 nm 32.05 nm 17.22 nm 20.69 nm 

Table 23: Average crystallite size NiFe2O4, powder, untreated electrode, 120°C and 350°C treated electrode and 
parameters used for the calculations. 

As expected, the wider peaks observed in the diffractogram of NiFe2O4 powder, which indicate 

smaller particle dimensions compared to those of the electrodes, are consistent with calculations 

using the Scherrer equation, that confirm that the catalytic powder has the smallest average 

crystallite size. 

Comparing the untreated and 350°C-treated NiFe2O4 electrode, the latter shows smaller 

crystallite dimensions, suggesting that the high temperature treatment promotes a better 

redistribution of particles, preventing the formation of large aggregates. This could be 

beneficial for the catalytic activity, as smaller particles determine a higher surface area, 

providing more active sites available for the reactions. However, SEM analysis (paragraph 

4.1.5.) revealed cracks in the 350°C-treated electrode, that can compromise its mechanical 

integrity, potentially leading to catalyst detachment during the reactions.  

Considering the lower temperature treatment (120°C), the particle sizes are reduced compared 

to the untreated electrode, but the crystallites remain slightly larger respect to those of the 

electrode treated at higher temperatures. Nonetheless, SEM analysis of the electrode treated at 

120°C has not revealed signs of mechanical stress (paragraph 4.1.6.) differently from the 350°C 

threated electrode. Therefore, the lower temperature treatment can represent a compromise 

between reducing particle sizes and maintaining structural integrity.  

To fully assess the impact of these treatments, it is crucial to evaluate the behaviour of the 

electrocatalysts under real operational conditions in the electrochemical cell. Polarization 

curves derived from experimental data are provided in paragraph 5.1., allowing a 

comprehensive interpretation that includes structural properties, electrochemical efficiency and 

durability. 
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Subsequently, crystallite dimensions of NiO and Co3O4 120°C-treated electrodes have been 

estimated, using X-ray diffraction and the Scherrer equation, and compared with NiFe2O4 

120°C-treated sample, in order to identify the catalyst with the smallest particle size, which 

could potentially exhibit the highest catalytic activity.  

 NiFe2O4 NiO Co3O4 

β (°) 0.26808558° 0.49957798° 0.41508341° 

2θ (°) 44.58063833° 43.77849746° 43.77849746° 

D (nm) 20.69 nm 21.33 nm 10.03 nm 

Table 24: Average crystallite size for NiO, Co3O4, NiFe2O4 and parameters used for the calculations. 

These results indicate Co3O4 as the catalyst with the smallest crystallite size, which could 

potentially lead to the highest catalytic activity due to the greater availability of active sites. 

However, evaluations in operative conditions have to be performed in order to assess the 

effective electrochemical behaviour, including stability over time. Polarization curves derived 

from experimental data are presented in paragraph 5.2. 
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5. Polarization Curves 

Electrochemical tests have been performed using a single-cell configuration in an 

electrochemical AEMWE test station to evaluate and compare the performance of the anodic 

electrocatalysts.  

Each anodic catalyst was tested individually, with each system including a Pt/C cathode. The 

tests were performed under controlled conditions, maintaining a constant current density of 0.6 

A/cm2 and a constant operating temperature of 60°C.  

The cell was run continuously at 0.6 A/cm2 for 40 hours, after which a polarization curve was 

recorded by increasing the potential and measuring the current, to assess the catalytic activity 

of the MEAs. Following this, the cell continued to operate under the same conditions and at 65 

hours, another polarization curve was recorded to evaluate the stability and the performance 

over time. 

5.1. Thermal Treatments Effect on NiFe2O4 

By comparing the polarization curves of the NiFe2O4 catalyst treated at 350°C and l20°C after 

40 and 65 hours of operation, it is possible to determine how the thermal treatments influence 

the performances.  

 

Figure 56: Polarization curves of NiFe2O4-based MEA at 40h. 

Analysing the polarization curve recorded after 40 hours of operation, it appears that the catalyst 

treated at 350°C exhibits higher voltage values respect to the 120°C-treated sample, across the 
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entire range of current densities, suggesting that the higher temperature thermal treatment 

affects negatively the electrochemical efficiency. In fact, the possibility to obtain the same 

current density at lower voltages is an enhancement for electrolyzers operations and thus in 

these graphs the lower is the curve, the better are the performances. 

 

Figure 57: Polarization curves of NiFe2O4-based MEA at 65h. 

After 65 hours, the difference between the two samples becomes even more pronounced. The 

decline in performance, already evident after a short period, highlights the reduced stability of 

the catalyst treated at higher temperatures. 

By comparing the individual polarization curves of the NiFe2O4 treated at 120°C and 350°C 

after 40 and 65 hours of operation, the impact of thermal treatment on performances becomes 

even more evident. 

 
Figure 58: Polarization curves for single for NiFe2O4 treated at 120°C after 40 and 65 hours of operation. 

The MEA that includes the catalyst treated at 120°C shows minimal variation between the curve 

registered at 40 and 65 hours, indicating high stability in time.  
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In contrast, the same MEA but with NiFe2O4 treated at 350°C, shows a noticeable shift between 

the two curves, especially at high current densities, further confirming its reduced stability.  

The observed decline in performance and stability of the catalyst treated at 350°C could be 

associated with structural degradation including cracks formation, as previously suggested by 

observation of SEM analysis discussed in paragraph 4.1.5. These cracks may have caused 

detachment of the catalyst from the support during operating conditions, reducing the effective 

active surface area. Moreover, the electrical contact between the catalyst layer and the 

underlying nickel felt can be compromised by the fractures, resulting in an increase resistance. 

These findings indicate the unsuitability of the 350°C thermal treatment to ensure appropriate 

performance and durability of the catalyst. 

5.2. Comparison of Electrocatalysts Performance 

The polarization curves of NiFe2O4, NiO and Co3O4 after 40 hours of operation have been 

compared and presented below. 

 

Figure 59: Polarization curves of NiFe2O4-, Co3O4-, NiO-based MEA at 40h. 

Comparing the polarization curves after 40 hours, NiO and Co3O4 show better performance, 

with lower potential values, compared to NiFe2O4, at low and intermediate current density 

ranges. In these current regions, the electrochemical behaviour is predominantly governed by 

the kinetics of the electrode reaction, followed by ohmic resistances. The specific characteristics 

of NiO and Co3O4 probably guarantee some advantages in these zones.  
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In the case of NiO, its simple structure may facilitate efficient charge transfers, contributing to 

its superior performance: indeed, it exhibits the lowest potential values at low and intermediate 

current densities.   

Considering Co3O4, the coexistence of Co3+ and Co2+ ions can enhance electronic conductivity 

and facilitate electron transfer processes. Additionally, its smaller average particle size of 10.03 

nm compared to the 20.69 nm of NiFe2O4 and 21.33 nm for NiO, can ensure a higher number 

of active sites, which results from an increased surface area, and guarantee high catalytic 

activity.  

At high current densities, NiFe2O4 exhibits a better performance compared to NiO and Co3O4. 

In these current ranges, where kinetics mechanisms become more complicated, the synergy 

between Ni and Fe in NiFe2O4 catalyst becomes crucial and can increase the availability of 

catalytic sites.  

The polarization curves of NiFe2O4, NiO and Co3O4 after 65 hours of operation have been 

compared and presented below. 

 

Figure 60: Polarization curves of NiFe2O4-, Co3O4-, NiO-based MEA at 65h. 

Notably, after only 65 hours, an interval that is not particularly long, the behaviour of NiFe2O4 

catalyst begins to deviate further from the other two catalysts, exhibiting even greater catalytic 

activity at high current densities. This result indicates the superior stability of the NiFe2O4 

catalyst respect to the NiO and the Co3O4. 
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5.2.1. Comparison of Electrocatalysts Stability 

To evaluate the long-term durability of the catalysts and confirm the superior stability of 

NiFe2O4, the individual polarization curves of 120°C-treated NiFe2O4, NiO, Co3O4, after 40 

and 65 hours of operations. Polarization curves are presented below. 

 

Figure 61: Polarization curves single for catalysts treated at 120°C after 40 and 65 hours of operation. 

Considering the NiFe2O4-based MEA, curves at 40 and 65 hours overlap almost completely, 

indicating great stability over the testing period.  

In contrast, both Co3O4 and NiO exhibit greater degrees of degradation over the same period, 

with Co3O4 showing a particular decline in performance at higher current densities. Despite 

CO3O4’s smaller particles size (10.03 nm) guarantees higher catalytic activity, it may lead to 

sintering, a process that causes the aggregation of crystallites into larger structures under 

operating conditions, including elevated temperature and current density. The eventual 

formation of the aggregate can reduce the active surface area. 
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6. Conclusions  

This thesis focused on the development and optimization of CCS anodic electrodes for Anion 

Exchange Membrane Electrolyzers. The main goal was to test different anodic catalysts, 

including NiO, Co3O4, and NiFe2O4, to determine which one could be the most suitable for 

industrial applications, identifying the catalyst that provides the best combination in terms of 

performance and durability.  

By combining structural (XRD), morphological (SEM), and electrochemical performance 

analyses in single-cell tests, this study aimed to explore the relationship between material 

properties, catalytic activity, and stability, offering insights for enhancement of electrodes 

performance and durability.  

Based on the results obtained from the electrochemical tests, NiFe2O4 appears to be the most 

suitable, particularly when considering long-term stability. 

6.1. Thermal Treatments 

Thermal treatments at 350°C and 120°C were performed on the NiFe2O4 electrodes to 

investigate the impacts of temperature on the performance and stability of the electrodes. The 

untreated electrode was compared with thermally treated ones, focusing on both the coated and 

uncoated sides.  

SEM analysis, supported by EDS, indicated that the 350°C-treated electrode had a lower degree 

of impurities, highlighting that the high temperature treatment effectively removed some 

contaminations; however, it also resulted in the formation of cracks, compromising the 

structural integrity of the electrode. In particular, in the treated sample a depletion in iodine has 

been observed, attributable to ionomer decline, which can cause catalyst detachment from the 

substrate in operative conditions and impact the electrode's performance by reducing its ion 

conductivity.  

In contrast, SEM analysis of the 120°C-treated electrode revealed neither visible cracks nor 

significant morphological changes respect to the untreated electrode. Traces of the ionomer 

have been indeed detected through EDS analysis. Notably, the untreated sample is already 

subjected to a temperature of 90°C during the deposition of the catalytic ink on the nickel felt 

support, which is not significantly lower compared to the 120°C treatment. 
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Calculations of the average particle size using the Scherrer equation revealed that the NiFe2O4 

electrode treated at 350°C exhibits smaller crystallite dimensions compared to both the 

untreated and 120°C-treated samples, with values of 32.95 nm for the untreated sample, 17.22 

nm for the 350°C-treated sample, and 20.69 nm for the 120°C-treated sample. This suggests 

that the higher temperature treatment promotes a better redistribution of particles, preventing 

the formation of large aggregates. The reduction in particle size is beneficial for the catalytic 

activity, since smaller particles result in a higher surface area, providing more active sites for 

electrochemical reactions. The lower temperature treatment (120°C) effectively reduced the 

particle size compared to the untreated sample but not to the extent achieved with the 350°C 

treatment. However, the 120°C treatment could represent a compromise between reducing 

particle size and maintaining structural integrity.  

The structural changes in the 350°C-treated electrode were related to a reduction in 

performance, hypothesis which was confirmed by polarization curves, which revealed higher 

voltage values across all current densities compared to the 120°C-treated electrodes.  

In conclusion, the lower-temperature treatment (120°C) better preserves the chemical-physical 

properties of the material, whereas the higher-temperature treatment (350°C), although it more 

effectively reduced particle size and eliminated impurities, also led to a decline in mechanical 

integrity, being unsuitable for applications requiring long-term durability, such as electrolyzers.  

These findings highlight the importance of a proper balance of thermal treatment conditions to 

optimize catalytic efficiency, structural integrity and mechanical resistance. 

6.2. Catalysts comparison 

The comparison of the MEA including NiFe2O4, NiO, CO3O4 indicated difference in their 

catalytic activity and stability, which depend on the specific properties of the catalysts and the 

current density range.  

Specifically, after 40 hours of operation, at low and intermediate current densities, NiO and 

CO3O4 demonstrated better performance, with low potential values. Considering CO3O4, its 

high catalytic activity could be related to its smaller particle size (10.03 nm) compared to 

NiFe2O4 (20.69 nm) and NiO (21.33 nm), along with the coexistence of Co3+ and Co2+ ions that 

could increase electronic conductivity. On the other hand, NiO’s simple structure could 

improve charge transfer. 
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In contrast, at higher current densities, NiFe2O4 showed a better performance respect to the 

other two electrocatalysts. The synergy between Ni and Fe in the catalyst could result as an 

advantage in these current regions where reaction rates increase due to the higher current 

density, requiring a more efficient catalytic activity. 

After 65 hours of operations, NiFe2O4 exhibited even greater catalytic activity at high current 

densities respect to the other two electrocatalysts. This result indicated the superior stability of 

the NiFe2O4 catalyst respect to the NiO and the Co3O4. 

Moreover, to assess the stability and durability over time, single-catalyst polarization curves 

after 40 and 65 hours of operation were compared. NiFe2O4 showed better stability respect to 

the other two catalysts, with almost entirely overlapping curves. In contrast, both NiO and 

Co3O4 demonstrated to degrade significantly over time, with Co3O4 showing a noticeable 

reduction in performance at high current densities.  

It is important to note that, while smaller particle dimension guarantee higher catalytic activity 

due to an increase exposure of active sites, it also results in a less stable system. Typically, 

smaller particles have more atoms are exposed to the surface, where they are less coordinated 

than those in the bulk. This makes the surface atoms possess more energy and the surface more 

reactive. To minimize this surface energy and achieve a more stable state, small particles tend 

to undergo sintering, a process in which crystallites aggregate into larger structures. Sintering 

could occur under operating conditions, such as elevated temperature and high current density, 

reducing the active surface area and the catalytic activity. These considerations could explain 

the performance decline observed for Co3O4. Furthermore, these investigations on the 

dimensions of crystallites highlights the importance to optimize their size to ensure both high 

catalytic activity and stability. 

In summary, while NiO and Co3O4 initial performance is strong, especially at low current 

densities, suggesting higher intrinsic catalytic activity, their long-term stability is limited 

compared to NiFe2O4. The initial worst performance of NiFe2O4 catalyst at low current densities 

attributed to slow activation kinetics, can be due to the necessity of a pre-activation process of 

the complex structure, which involves chemical and structural reorganization of the surface, in 

which the active sites achieve an optimal configuration, enabling the catalyst to perform with 

its fully electrocatalytic potential for the oxygen evolution reaction. Hence, NiFe2O4 

electrocatalyst combines good catalytic activity and excellent stability, being the most 
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promising PGM-free electrocatalyst among the analysed ones for long-term electrochemical 

applications. 
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