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Abstract 

 

“What did you ask at school today?” 

R. P. Feynman 

 

 

The constant rise of global energy demand will lead to an inevitable increase of pollutants 

spilled into the atmosphere, if we do not change the strategy to transform energy moving 

towards a cleaner way.  This work will illustrate three possible ways to overcome the energy 

demand and air pollution problem will be illustrated. In particular, the focus will be on Three 

Way Catalysts (TWC), Solid Oxide Cell (SOC), and Water Gas Shift Catalyst (WGS). The basic 

idea is to keep an open-minded approach: Three Way Catalysts are greatly relevant because 

at the present moment a significant part of pollution derives from transportation. Electric or 

hydrogen fuelled vehicles are not of rapid application or diffusion: natural gas or gasoline or 

diesel-based vehicle will continue to be the main way for people and goods transportation 

and until a revolutionary change, noble metals will be fundamental for TWC. In a medium-

range vision, Solid Oxide Cells (Fuel Cells and Electrolysers) can be a very valuable 

opportunity to convert and store energy in an efficient, safe, and economic way. Finally, if 

we look further away the sustainable production of hydrogen from water will be a winning 

strategy.  
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Chapter 1 of this thesis is devoted to explaining and showing all the technologies and 

scientific ideas behind the motivation that drive the choices I made during my Ph.D.  

Chapter 2 will be presented the characterization methodology used to study all the materials 

synthesized: spinels based on Cu and Fe with different aluminium doping, perovskites based 

on La and Fe nano decorated with copper. 

Chapter 3 and Chapter 4 will be dedicated to the 6 months spent at the Paul Sherrer Institut 

(PSI) under the supervision of Dr. Davide Ferri. The materials were characterized more 

exhaustively with in situ XRD and X-ray Absorption Spectroscopy (XAS) using the Swiss Light 

Synchrotron (SLS). Eventually, the catalysts were tested for Water Gas Shift Reaction and 

Three-Way Catalysis reaction evaluating the dependency of aluminium content in the spinel 

system and copper activation in the perovskite system. The foundations and the questions 

that will drive this research are: "are pulses conditions useful to activate the catalyst in TWC 

application?"” and “initial synthesis of the catalyst is crucial to provide the desired properties, or 

it is only the combination of synthesis and reaction process that is possible to achieve what is 

wanted?” 

Chapter 5 will present the spinels that stand out from the WGSR process and are tested as 

Fuel Electrode for SOC application. From the preparation of the button cells to the 

electrochemical process involved. 

Eventually Chapter 6 showcases, the possibility that some cobalt perovskites seem to display 

to change their crystallographic structure under specific conditions, in function of A-site 

doping with different concentration of Sr and B-site doping with Fe. The data were recorded 

at the European Synchrotron Radiation Facilities (ESRF) at the beamline ID15. 
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Introduction 

 

“To infinity, and beyond!” 

Buzz lightyear 
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1.1 Overview 

The transition towards higher shares of renewable energies will simplify achieving access to 

clean and affordable energy, reducing the total amount of greenhouse gases emission and 

limiting the usage of fresh water in thermal power plant [1]. Renewable energy sources 

(hydro, wind, solar, geothermal, biofuels) have been proposed as a possible and partial 

solution to meet the constantly growing energy demands and to spread electricity over less 

developed countries. During 2019, only 27% of the total global electricity was provided from 

renewable sources. Thanks to cost reductions, renewable electricity is increasingly cost-

competitive with conventional thermal power plants: in some regions, renewable energy 

cost is lower than running costs of existing fossil and nuclear power plants [2], and solar 

photovoltaics has emerged as the least-cost source of electricity production in the history of 

mankind. In the heat sector, a similar tendency is observed: about 10% of the heat used 

worldwide in 2019 was produced from sustainable sources, including renewable electricity. 

Based on a wide-ranging set of assumptions, methods, and targets from a global perspective 

[3], various energy scenarios have tried to project the future transition of energy systems. 

Most of the global energy transition studies present pathways that result in CO2 emissions 

even in 2050. The diffusion of technology for renewable energy is slowed down by their 

intrinsic intermittent energy production [4]. Consequently, electricity storage has strategic 

importance.  

Changing the ways to transform energy from not renewable to renewable sources is 

necessary for air pollution. The greenhouse effect is the most influential problem that we 

have to face, from now, to the next years to come [5]. Svante Arrhenius was the first man to 

quantify how CO2 in the atmosphere can increase ground temperature [6]. It was not until 
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1901 that the atmosphere was compared to a greenhouse, a definition we owe to Swedish 

meteorologist Nils Ekholm [7]. Molecules that compose the atmosphere can absorb solar 

radiation and this is the very simple mechanism that governs the greenhouse effect. The 

primary greenhouse gases in Earth's atmosphere are water vapor (H2O), carbon dioxide 

(CO2), methane (CH4), and nitrous oxide (N2O). Without greenhouse gases, the average 

temperature of Earth's surface would be about −18 °C rather than the present average of 15 

°C. The relative concentrations are extremely important for these gases and just a few 

changes in the total percentage may lead to severe and dramatic modification of the 

environment, as we know. 

The constant rise of global energy demand will lead to an inevitable increase of pollutants 

spilled into the atmosphere, if we do not change the strategy to transform energy moving 

toward a cleaner way. In the following part of the Introduction, the three possible ways 

adopted in this thesis to overcome the energy demand and air pollution problem will be 

illustrated. In particular, the focus will be on Three Way Catalysts (TWC), Solid Oxide Cell, 

and Water Gas Shift Catalyst. The basic idea Is to keep an open mind approach: Three Way 

Catalysts are greatly relevant because at the present moment a significant part of pollution 

derives from transportation: electric vehicles or hydrogen fueled ones are not of rapid 

application or diffusion: natural gas or gasoline or diesel-based vehicle will continue to be the 

main way for persons and goods transportation and until a revolutionary change, noble 

metals will be fundamental for TWC. This requirement can affect the competitiveness and 

Independence of European Industries and the Economy. The first contribution to sustainable 

mobility can be the development of more efficient, low-cost, Critical Raw Materials-free 

catalysts. It deserves to be considered that a catalytic system In TWC works in harsh 

conditions and thus the catalysts developed for this application can easily be applied to 
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stable production plants. In a medium-range vision, Solid Oxide Cells (Fuel Cells and 

Electrolysers) can be a very valuable opportunity to convert and store energy in an efficient, 

safe, economic way. Finally, if we look further away the sustainable production of hydrogen 

from water will be a winning strategy. So the final part of the thesis will consider new 

materials to make possible the dream of obtaining hydrogen from water cleanly and 

efficiently.  

 

 

1.2 Solid Oxide Cell 

  Fuel cells are great tools in helping the task of reducing the environmental impact of our 

energy sources. Very briefly, a fuel cell is an electrochemical device that can transform 

chemical energy into electrical energy. As a battery, a more mainstream apparatus, a fuel 

cell has a cathode and anode separated by a non-electrical conductor, the electrolyte. Unlike 

batteries, the fuel cell system can operate endlessly by the continuous fresh reactants that 

reach the electrodes. Very important, a fuel cell is not a closed system due to the continuous 

mass exchange with the environment. So, the only limitation is the depletion and 

degradation of the electrodes and electrolytes. A scheme of a fuel cell is presented in Figure 

1, representing a Solid Oxide Cell (SOC), which is the type of cell studied during this thesis. 
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Their very peculiar characteristic is the presence of a solid electrolyte that needs a high 

temperature (600-900 ºC) to conduct the ions through them. 

 

 

Figure 1 Left: Scheme of a SOC operating as Fuel Cell or Electrolyzer.  

Right: Scanning electron microscopy image of a real SOC. [8] 

 

 

The operative function of a SOC is very simple: 

• Fuel cell mode: hydrogen at the fuel electrode is oxidized, oxygen at the O2 electrode 

is reduced and the circuit is closed by the oxygen ions moving, through the 

electrolyte, from the fuel to the O2 electrode. 
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• Electrolyser mode: water (and/or CO2) molecules are reduced at the fuel electrode, 

gaseous oxygen forms at the O2 electrode, and the circuit is closed by the oxygen ions 

going through the electrolyte from the fuel to the O2 electrode. 

So oxidized hydrogen form water that is expelled as a product, if we operate the cell as a Fuel 

Cell; quite the opposite occurs during the Electrolyser mode, where pure H2 and O2 form from 

water.  

Solid Oxide Cells are electrochemical devices, so they are not bounded by thermodynamical 

limits expressed by Carnot’s law. The real efficiency depends on the architecture of the cell 

and by the material optimization but never goes below 60%. As said before, hydrogen is the 

main fuel (or product) and it is considered the cleanest vector due to its oxidized form, water. 

Unfortunately, due to its very low weight, hydrogen in gaseous form (H2) is not available on 

Earth and the quickest way to produce it, is from the reforming of fossil fuel. In any case, the 

combined efficiency of a reforming process and a SOC, is higher than using a plain and 

flavorless combustion route. So, Fuel Cell, indeed, configures, also in terms of fuel versatility, 

transportation, sustainability, as a valuable and rapid way to contribute to the solution of 

environmental problems.  

1.2.1 Fuel Cell thermodynamics  

The reaction that governs a Fuel Cell using hydrogen as combustible is very simple: 

2 𝐻2 + 𝑂2 → 2𝐻2𝑂 

 

For any reaction, from the enthalpies of formation of the reactants and products is possible 

to calculate the heat enthalpy. 
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∆𝑟𝐻⊖ = ∆𝑓𝐻⊖
𝑙𝑖𝑞𝑢𝑖𝑑(𝐻2𝑂) – 1/2 ∆𝑓𝐻⊖(𝑂2) − ∆𝑓𝐻⊖(𝐻2) = −286 𝑘𝐽/𝑚𝑜𝑙 

 

The negative sign resulting from the previous equation indicates the exothermic nature of 

the reaction, which is expected to be combustion. In the same way, it is possible to determine 

the standard entropy of formation. 

 

∆𝑟𝑆⊖ = 𝑆⊖
𝑙𝑖𝑞𝑢𝑖𝑑(𝐻2𝑂) – 1/2 

 
𝑆⊖(𝑂2) − 𝑆⊖(𝐻2) = −0.1633 𝑘𝐽/(𝑚𝑜𝑙 𝐾) 

 

And, to complete the sequence, the free Gibbs energy: 

 

∆𝑟𝐺⊖ = ∆𝑟𝐻⊖ − 𝑇∆𝑟𝑆⊖ = −237.34 kJ/mol 

 

It is possible to imagine the entropy as a figure of how much of the free Gibbs energy is 

irreversibly lost and, considering this, to calculate a first efficiency of the cell. The ratio 

connecting enthalpy and Gibbs free energy is called Gibbs efficiency.  

 

𝜂𝐺(25°𝐶) = ∆𝑟𝐺⊖/ ∆𝑟𝐻⊖
 
= 0.83 

 

As an example, purely theoretical, the efficiency of a fuel cell at 25 ºC. 

In view of the fact that -∆rG=nFE, it is possible to calculate the standard electromotive force: 

∆𝑟𝑒𝑣𝐸 (25°𝐶) = −∆𝑟𝐺⊖ / nF = 1.23 V 
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With temperature, reaction enthalpy, and reaction entropy change. Their variation is related 

to the heat capacities of the chemical species. 

 

(
𝜕∆𝑟𝐻⊖

𝜕𝑇
)

𝑝

=  ∆𝑟𝐶𝑝     (
𝜕∆𝑟𝑆⊖

𝜕𝑇
)

𝑝

=  
∆𝑟𝐶𝑝 

𝑇
 

 

And the variation of the free Gibbs energy: 

 

(
𝜕∆𝑟𝐺⊖

𝜕𝑇
)

𝑝

=  ∆𝑟𝑆⊖ 

 

 

Figure 2 Variations of standard free Gibbs energy and enthalpy depending on temperature for 
oxidation: H2 (a) , CO (b) 

 

 

In Figure 2 is showed how thermodynamical functions for H2 vary with the temperature up to 

1200 ºC. Considering the general view, free Gibbs energy increases, and the enthalpy barely 

decreases.  
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The second parameter of efficiency that it is possible to determine is its behavior as a 

function of voltage, or potential. The Open Circuit Voltage (OCV) or Open Circuit Potential 

(OCP) is the potential calculated in ideal conditions. The ratio between the actual OCV of a 

cell and the ideal one defines the voltage efficiency: 

 

η𝑉 =  
∆𝑉

∆𝑟𝑒𝑣𝐸
 

 

The loss of potential can be described by internal resistances of the cell: 

 

𝑅𝑡𝑜𝑡 =  𝑅0 +  𝑅(𝑖) 

 

R0 is independent from the current intensity, quite the opposite for R(i).  

If it is plausible to neglect R(i) by comparison to R0, is possible to express the voltage loss in 

form of R0 x I: 

 

η𝑉 =  
∆𝑟𝑒𝑣𝐸 −  𝑅0𝐼

∆𝑟𝑒𝑣𝐸
= 1 −  

𝑅0𝐼

∆𝑟𝑒𝑣𝐸
 

 

From a practical point of view, the biggest resistance R0, can be related to the resistance of 

the electrolyte. R(i) is the activation polarization and is evident only when the fuel cell is 

operating near voltage as its OCP. At small values, it can be possible to represent 

overpotential using the Tafel equation: 

𝜂 = 𝑏 ∙  𝑙𝑛
𝑖

𝑖0
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In the last equation, is fundamental to recognize the nomenclature change, where  

represents the overpotential and not efficiency. The values of the two currents are 

respectively i the current and i0  the exchange current. The parameter b derives from the well-

known Butler-Volmer equation and can be expressed as: 

 

𝑏 =  
𝑅𝑇

𝛼𝑛𝐹
 

 

R is the universal gas constant, T temperature expressed in K, F is the Faraday constant, n 

number of electron exchange and 𝛼 the charge transfer coefficient. Analyzing the last 

equation, R and F are constants, T is determined from experimental condition and 𝛼 is the 

only factor influenced by the cell itself. More specific, from the material and thus from the 

catalytic performance of the electrodes. The nature of the electrodes can also influence i0 so 

an electrode able to fast electrons or ions transport, ergo high exchange current, avoids high 

loss of efficiency. 

The last efficiency discussed in this thesis, concern the fuel consumption. It is defined as the 

ratio of the fuel the cell is fed with and the real fuel consumption. Now is possible to define 

an overall efficiency as the product of all three efficiencies listed so far. 

1. Gibbs efficiency, 

2. Voltage efficiency, 

3. Fuel consumption. 
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Without a clear knowledge of thermodynamics, it could be apparent that high temperature 

is permanently detrimental due to the Gibbs efficiency. For our fortune, the temperature is, 

one more time, hidden also in the voltage efficiency: from a general point of view, activation 

processes are easier (no need of noble metals) and in general internal resistances are lower 

(O2- diffusion). 

 

1.2.2 Solid Oxide Cells materials 

Solid oxide cells are cell characterized by having ceramic materials with a solid electrolyte 

Figure 1. The operating temperature is between 700 ºC and 1000 ºC and mostly, as we will 

see next, depends on the nature of the electrolyte.  

As mention before, the system can both work in Fuel Cell mode or Electrolyzer mode [9]. In 

Fuel Cell mode, oxygen is reduced at the O2 electrode and incorporated into the crystalline 

lattice of the electrolyte. The ions journey toward the anode, can be possible thanks to the 

hopping mechanism where the O2- jumps from vacancy to vacancy [10]. The oxygen ions, 

with their double negative charge, are extremally bulky: this is the main reason of why is 

needed such high operative temperature. There are Solid Oxide Cell where the transported 

ions through the electrolyte is the smaller H+ [11]. Sadly, those type of cell are still facing the 

stability problem [12].  The semi-reactions at the electrodes are the following: 

2𝐻2 + 2𝑂2− → 2𝐻2𝑂 + 4𝑒− (Fuel Electrode)  

𝑂2 + 4𝑒− → 2𝑂2− (O2 Electrode)  
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Thanks to the remarkable high working temperature and their intrinsic robustness, Solid 

Oxide cells can work with different fuel, both in Fuel Cell mode as Electrolyzer mode. The 

most commons fuel can be hydrocarbons [13] [14] [15] (e.g. methane, methanol, heavier 

hydrocarbon, etc.) or ammonia [16] [17].  

 

 
Figure 3 Fuel flexibility of Solid Oxide Cell in Fuel Cell mode. 

 

Mechanical stability is a problem due of the high temperatures. SOC can be made only of 

ceramic materials, whose mechanical properties are modest [16]. In particular, ceramics are 

brittle and when subjected to mechanical stress, cracks may lead to the complete failure of 

the system. One of the main factors to consider is the different Thermal Expansion 

Coefficient (TEC) of the cell components. Commercial SOCs are engineered towards the 

more accurate uniformity of the TEC possible, in order to minimizes stresses. The choice of 

which cell component provides mechanical support is critical and early cells used a 

supporting thick electrolyte. This geometry provides the fastest and easily fabrication. It is 

possible to press some electrolyte powder into a die to form a pellet and sinterized it at high 

temperature; then, the two electrodes are deposited on the sides of the electrolyte. From 

Figure 1, is possible to see a dense layer: the electrolyte. This geometry is able to provide 
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extreme mechanical stability. Regrettably, an electrolyte supported cell has a tremendous 

drawback: for the cell efficiency, the electrolytic layer is a purely resistive element, so its 

resistance is directly proportioned to its thickness. 

The easiest and more industrial approach to reduce the thickness of the electrolyte is to 

allocate the mechanical support to another layer: an anode supported Fuel Cell is the result. 

In any case, the anode is a catalytic layer which interacts with the gas phase and must, 

consequently, be porous. The thickness and porosity of the anode are then a compromise 

between the mechanical properties and a sufficient gas diffusion. A common way to produce 

the anode involve two stages: the anode powder is pressed to secure a thick substrate able 

to provide mechanical support, successively, the electrochemically functional anode layer, 

more porous, is deposited. The anode, then, is subject to a first sintering process. A layer of 

dense electrolyte is deposited, and the cell is fired again. The final deposition is done for the 

cathode, on the other side of the electrolyte and the cell is cooked a last time [18]. A 

supporting cathode is theoretically possible, but this is not the optimal choice due to the slow 

reaction speed, and significant decrease of the cell power. 

The search for new and cheap materials able to meet the needs of SOCs is of extreme 

importance to improve and sustain their commercialization. From an industrial point of view, 

two different approaches are used to enhance the efficiency of a SOC. First, which is 

preferred in SOC cermet-based Fuel electrode, consists in maximizing the three phase 

boundaries (TPB) area using different approaches of synthesis and nano-decoration. Second, 

which seems more actable, is the use of mixed ionic electron conducting (MIEC) electrode. 

The use of mixed ionic electron conducting electrode allows an extraordinary enhancement 

of the active area. In this way the electrochemical reactions and the oxygen ion can take part 

in the whole surface of electrode. 
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The TPB is the site where ions, electrons and gas molecules must be in contact 

simultaneously. The phenomenon was observed for the first time in 1920s by Alfred Schmidt. 

In the state-of-the-art materials, as Ni-YSZ cermet, where nickel is only electronic 

conductors and YSZ (Yttria Stabilized Zirconia) is pure ionic conductor, the electrochemical 

reactions occur only at the intersection of them. The gas presence and adoption to these 

intersections is fundamental to permit the electrochemical processes. In  Figure 4 is reported 

the proposed mechanism for the TPB in a O2 electrode. 

 

 
Figure 4 TPB mechanisms for oxygen reaction in a SOFC cathode. α is the cathode, β is the gas phase 

and γ is the electrolyte. From [19] 

 

TPB-based layers are extensively present in many Fuel electrodes and O2 electrodes with 

good results. The main drawback is where the electrochemical reactions take act, namely 

only in the restricted TPB region. This limit can be solved, just partially, improving the 

microstructure of electrodes using technique as infiltration [20] or nano-decoration [21]. A 

more elegant solution to this problem is the use of mixed ion-electron conductors (MIECs). 

These marvelous materials present electronic and ionic conductivity by default, as an 

intrinsic characteristic lead by the ad hoc design. This peculiarity allows to overcome the limit 

of three boundaries phase. In so doing, the material active sites significantly increases and 

the whole surface can be a potential candidate site for the reaction. The mixed ion conductor 

feature may enhance the electrochemical reaction on the electrode surface so avoiding the 

problems of gas diffusion thought the porous electrode [22]. 
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Electrolyte materials 

Commercial SOCs employ YSZ (Yttria Stabilized Zirconia) as electrolyte and, even if this 

material is being used from the early stage of SOC technology, it is still on top and far from 

being obsolete. It has a decent ionic conductivity, and zero electronic conductivity. YSZ is 

the industrial favorite because it is cheap, and its components are abundant. Zirconium 

Oxyde (ZrO2) face two phase transitions during heating: from monoclinic to tetragonal at 

1170°C and from tetragonal to cubic (fluorite) at 2370°C. The addition of yttria stabilizes the 

fluoritic structure also at lower temperatures, necessary for SOC application. The presence 

of yttria, also generates oxygen vacancies in the crystalline structure, which are fundamental 

for the ionic conduction, according to the reaction: 

 

𝑌2𝑂3 → 2 𝑌𝑍𝑟
′ +  3 𝑂𝑂

𝑥  + 𝑉𝑂
∙∙ 

 

The stabilization with scandium instead of yttrium further improves conduction. The reason 

is the very similar radius between Sc3+ and Zr4+. Sadly, this system possesses a high amount 

of ordered and metastable phases that lead to instability [23]. Another reason to discourage 

scandium use, is the cost far higher compared to yttrium and insufficient abundance. 

Because of this, YSZ is still the most used electrolyte material in SOCs. 

Ceria is another oxide with fluoritic structure. Oxygen vacancies in ceria are generated from 

the natural presence of Ce3+ and Ce4+. Anyway, analogously with zirconia, the doping with 

proper metal cation can boost the oxygen vacancies. The most common substitution is with 

gadolinium, to form Gadolinium Doped Ceria (GDC). 
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𝐺𝑑2𝑂3 → 2 𝐺𝑑𝐶𝑒
′ +  3 𝑂𝑂

𝑥  +  𝑉𝑂
∙∙ 

 

In high oxygen partial pressure GDC is a pure ionic conductor, but Ce4+ is easily reduced to 

Ce3+ when oxygen partial pressure decreases. This peculiar characteristic brings to the 

conclusion that the material can be an electronic conductor. The presence of electronic 

conduction is an enormous drawback, due to the possible short-circuits of the electrodes, to 

the decrease of available potential and therefore general efficiency. For this reason, cells 

with ceria electrolyte should not be operated at temperatures above 600°C [24]. 

 

 
Figure 5 Ionic conductivity of different materials used as electrolyte [25] 

 

 

Fuel electrode materials 

SOCs need high temperature for their function, so noble metals to catalyze reactions are not 

essentials. The standard Fuel electrode catalyst is nickel, which is not expensive and show 
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good activity in SOC application. This electrode is in form of a cermet: nickel particles are 

mixed with the ceramic matrix made of the same material of the electrolyte (e.g. YSZ). Its 

preparation begins with the mixing of NiO and YSZ, normally in the ratio 40:60 (Ni:YSZ) and 

then the powder is used to prepare the Fuel electrode. The reduction from NiO to Ni is made 

using wet or dry hydrogen, during the warming-up procedure. The Fuel electrode must be an 

electronic conductor, so the metallic part (e.g. Ni) amount must be enough to allow 

electronic percolation in the entire volume of the cermet. Besides, nickel works as a catalyst, 

so its superficial area is extremely essential. Thus, an excessive concentration of Ni would 

lead to the formation of bigger agglomerate with loss of superficial area. The particles size 

of the YSZ powder is very important to obtain an appropriate porosity. Porosity must be 

adequate to allow an easy gas diffusion inside the electrode, but an excess of it, could cause 

a difficult electronic percolation pathway. Ni cermet anodes do not possess mixed 

conductivity, so the building of the three-phase boundary must be calculated meticulously. 

For a Ni cermet electrode, it is good to have TPBs as large as possible. So, Ni cermets are very 

complicated systems, in which a lot of parameters can be varied, affecting several 

characteristics of the final material. The classical material Ni/YSZ cermet, has been studied 

and several reports are available. [26] [27]. Even if nickel cermet Fuel Electrode are the 

standard for current SOCs, they have some drawbacks. At 800°C, metallic nickel has a 16·10-

6 K-1 TEC [28], while YSZ has 10 K-1 [29]. Nickel particles are subjected to slow degradation 

due of the sintering of Ni particles that leads to progressive loss of surface area (thus, also 

TPB is lost), and fast more disruptive degradation overdue to RedOx cycles [30] (Figure 6). 

Nickel tends to be poisoned by carbon during the oxidation of organic compounds. The 

process is irreversible if the Fuel electrode is always under critical reducing environment; this 

relegates the SOCs practically to the only use of hydrogen as fuel because hydrocarbons or 
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other C-containing molecules, would lead to the electrode deactivation. This is probably the 

biggest drawback of nickel as Fuel electrode. Just as reminder, the nomenclature SOC 

comprehend Fuel Cell mode and Electrolyzer and the cermet Ni/YSZ works fine with both 

the modality. 

 

 
Figure 6 Coarsening and expansion of Ni in a cermet following a RedOx cycle [30]. 

 

O2 electrode materials 

The O2 electrode is the place where oxygen reduction is performed. Like the Fuel electrode, 

this part of a SOC must achieve many features: good activity concerning the oxygen 

reduction, remarkable electronic conduction, chemical compatibility with the electrolyte 

and a suitable thermal expansion. Lanthanum strontium manganites (La1-xSrx)MnO3, (LSM) 

were the first materials studied due to their fine activity and optimal compatibility with YSZ 

[31]. LSM has a good electronic conductibility but has a weak ionic conductibility. Because of 

this, LSM must be mixed with a good ion conductor and normally it is the electrolyte used in 

the SOC. As for the cermet anode, also the LSM/YSZ cathode suffers from three phase 

boundaries limit. New promising materials have been developed paying particular attention 

to the limitation from the cermet LSM/YSZ: (La1–xSrx)CoO3 (LCF), (La1–xSrx)FeO3 (LSF) and 

(La1–xSrx)(Co1–yFey)O3 (LSCF) [32]. The innovative characteristics of these new materials are 

mainly focused on two aspects: the ability to be electrocatalytically really more active than 
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LSM and the possibility to operate as MIEC, solving the limitation due the TPB. Despite this, 

all lanthanum and strontium containing electrodes, suffer of reactivity toward YSZ: La2Zr2O7 

and SrZrO3 are formed at the interface creating insulating phase. The use of LSF, LSC and 

LSCF with YSZ electrolyte is compulsory coupled with an interlayer of gadolinium doped 

ceria [33]. 

1.2.3 Therefore, why SOC? 

The electrochemical part of this thesis, related to SOCs world, will be present in Chapter 5. 

The materials designed and synthesized during my PhD, presented in Chapter 3, will be 

finally adopted as Fuel Electrodes in a device. From my point of view, researching a new Fuel 

Electrode is the easiest way to conduct SOCs toward a rapid global expansion as new way to 

transform energy. These devices need new formulation for the Fuel Electrode to become a 

strong technology and be coupled to renewable energy sources (solar or wind). Following 

this disrupting strategy, it will be possible to create a completely new system capable of 

conversion, storage and transportation of energy: from a centralized concept, subject to 

monopole, to a novel capillary system where SOC technology that can configurates as a 

system for power generation (Fuel Cell Mode) or storage (Electrolyzer Mode). Using this 

marvelous idea [34], it is possible to deliver and produce energy all over the world without be 

completely dependent from an external source. All over the world, it means also in the rural 

or poor area where, nowadays, neither few kWs of electric power are available to light up 

hospital or heat a house in a safe way. It also needs to be underlined that in the Electrolyzer 

Mode exceeding energy can be converted in high added value chemical for industry: this can 

contribute to the whole sustainability of products production. 
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1.3 Three Way Catalyst  

1.3.1 What is a catalyst? 

Catalysts are the anonymous heroes of the chemical reactions that allow us to dare. From a 

general point of view, catalyst is a material that speeds up a particular chemical reaction. 

With the vital help from the catalyst world, molecules that might take years to react can do 

that in seconds. Factories must be thankful to catalysts because their using them to make 

everything: from polymer [35] to drugs [36]. Catalysts help process petroleum and coal into 

liquid fuels [37]. They are the critical key players in new technologies for a cleaner 

environment. A chemical reaction is when molecules break chemical bonds between their 

atoms. Consequently, atoms could make new bonds with other fresh new friends. This is like 

switching partners during a dance. Sometimes, those partnerships are easy to break. But 

when the relationship is stable, the molecules are delighted as they are. Catalysts make 

happen the process of breaking and rebuilding more efficiently by decreasing the activation 

energy for the chemical reaction. The catalyst is able to changes the path to the new 

chemical product. It is like the equivalent of choosing a highway instead of a bumpy dirt road.  

1.3.2 TWC technology 

The purpose of a Three Way Catalyst (TWC) is the conversion of pollutants from the internal 

combustion engine exhaust. The development of new formulations is an important step for 

automotive industry and development of new TWC technology has been critical in the past 

few years due to the newer stringent regulations [38]. Indeed, the development of more 

efficient catalysts depends on a complete understanding of the various parameters related 

to three-way catalyst design and formulation [39]. Normally, gasoline engine exhaust 



 33 

composition can vary based on the engine and driving conditions, but typical values of the 

exhaust gases are 0.5 vol% CO, 3500 ppm HCs, 900 ppm NOx, 0.17 vol% H2, 10 vol% H2O, 10 

vol% CO2, 0.5 vol% O2, and the balance N2 [40].  

Satisfactory control of the previous emission can be achieved with a TWC via the 

simultaneous oxidation of carbon monoxide and hydrocarbons to carbon dioxide and water, 

and the reduction of nitrogen oxides to nitrogen gas.  

 

2 𝐶𝑂 +  𝑂2 → 2 𝐶𝑂2 

𝐶𝑥𝐻𝑦 +  𝑂2 →  𝐶𝑂2 +  𝐻2𝑂 

2 𝑁𝑂 → 𝑂2 +  𝑁2 

 

It is evident that these reactions cannot be performed simultaneously unless some 

conditions are decided from the beginning. To oxidize CO and the various hydrocarbons, a 

certain volume of oxygen is required: this condition is called lean environment (fuel/oxygen 

>1) [41]. However, oxygen presence inhibits the reduction of NOx and for this reason the first 

generation of emission control devices were done with separate processes chambers: first 

performing the reduction in rich conditions (fuel/oxygen <1) [41] and only after this step, air 

injection for the oxidations of CO and HCs is performed. Studies on the air/fuel ratio in real 

engines manage to understand much better the reaction, thus discover a narrow range of 

compositions where there is simultaneous conversion of the main three pollutants, as 

illustrated in Figure 7. 
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6  

Figure 7 Yield efficiency for main pollutants (CO, HC, NOx) at different Air/Fuel ratios [42] 

  

To maintain stoichiometric conditions ( = 1) a probe is inserted before the catalytic muffler 

and constantly analyzes the oxygen concentration. A feedback loop circuit is mounted to 

control and adjusts the injection of fuel inside the engine to make sure that the air/fuel ratio 

stays as constant as possible. Other pollutants, such sulfur oxides and lead, are much more 

difficult to manage and particularly dangerous, mostly because poison irreversibly all 

catalysts. Thus, their control is obtained by another route: removing them directly from the 

fuel. Tetraethyl lead was used as an explosion-suppressor and has been banished by 

regulations and replaced with other compounds. 

1.3.3 Platinum Group Metal: here we go again 

Platinum Group Metals (PGMs) were found to be good candidates for the role of heroes of 

catalysis: platinum and palladium are able to be steady and durable either under reductive or 
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oxidizing conditions [43]. Pt and Pd (in their oxidated form) are more effective in oxidation 

reactions, whereas Rh is one of the best catalysts for reduction of NOx. Why this exceptional 

behavior? 

It is possible to answer with the help of the Sabatier principle. The thought is: the best 

catalysts should bind atoms or molecules with an intermediate strength. The interaction 

should not be too weak in order to activate the reactants, and not too strong to be able to 

allow the products desorption. This leads to a volcano-type correlation between activity and 

bond strength (Figure 8).  

 

Figure 8 Schematic representation of the Sabatier principle [44] 

 

The position of the maximum in terms of adsorption energies (or bond strength) depends 

slightly on the structure. This fact is related to the influence of the structure on the 

relationship between adsorption energy and activation energy. It can be seen that the 

metals, which corresponding to a particular adsorption energy shift, is controlled by the 

coordination number of the metal atom thus their electronic configuration. As example, in 

Figure 9 is possible to notice the far more reactivity toward CO oxidation by PGMs transition 

metals respect other elements. 
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Figure 9 Transition metals representation of the 2D volcano-plot for CO oxidation [45] 

 

1.3.4 TWC materials: state of the art and beyond 

Copper and nickel-based catalysts were used as first catalytic converter in exhaust 

abatement. Unfortunately, the stability was weak under the conditions encountered in 

combustion engines. A well-done catalyst for TWC applications should be active at low 

temperatures (~150°-200°C) and stable up to 600°C, unfailing a wide range of oxidizing or 

reducing atmospheres. 

As saw in paragraph 1.3.3, the well-known PGMs are widely use as active catalytic part of the 

system. To optimize the catalytic performance, it is convenient to divide the catalytic coating 

into two layers: rhodium on the part more exposed to the reductant species (CO and HCs) 

which allow Improving the conversion of nitrogen oxides; platinum and palladium should be 

confined in the regions of the catalytic system less exposed to the gas; here , after diffusion, 

CO and HCs can be oxidized. To help keeping the desired stoichiometric amount of oxygen, 
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a cerium oxide coating is added to the catalyst layer. The intrinsic characteristic of this 

compound is to have a high oxygen storage capacity (OSC) [46], so it retains oxygen in lean 

environments to release it when the exhaust mixture becomes fuel rich. TWC systems are 

commonly wash coated over monolithic honeycomb structures. For its exceptionally low 

thermal expansion coefficient and natural abundancy, common material chosen for 

monoliths is cordierite [47]. 

 

Figure 10 Example of wash coating layer on honeycomb structure [47]. 

 

Sad to say, all PGMs are listed in the European Union document called Critical Raw Materials 

[48]. First introduced in 2008, this document gathers all those raw materials with a high risk 

of supply, as they represent the first steps of the manufacturing value chain. As European 

Union needs to rely almost entirely on import to supply these materials, instabilities in the 

international political and/or economical scenario could stall the entire production. For this 

reason, as far as automotive pollution control is concerned, it is in the best interest of EU to 

replace PGMs with appropriate non-critical materials that can exhibit comparable catalytic 

properties. Amongst the materials studied for a possible application as TWCs there is a class 

of oxidic materials known as perovskites. 
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1.3.5 Perovskite: old but gold 

Perovskites is a particular crystallographic arrangement of general formula ABX3. In general, 

X in an anion and the perovskites studied in this thesis are oxides. Basically, a perovskite 

could be described as a cubic arranging octahedrals of formula BO6 in a BCC (Body Cubic 

Centered) A-cation lattice. 

 

Figure 11 Cubic perovskite structure 

. 

 

Goldschmidt theorized the t-factor rule relating the stability of the cubic-perovskite phase 

to the empirical ionic radii of the ions inside the crystal structure.  

 

𝑡 =  
𝑟𝐴 +  𝑟𝑂

√2 (𝑟𝐵 + 𝑟𝑂)
 

 

Perovskite arrangement can be possible for t values oscillating from 0.75 to 1.05. 

Nonetheless, the perfect ideal cubic structure range is narrower: from 0.97 to 1.05. For lower 
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t values a distorted structure can be obtained: orthorhombic, rhombohedral, monoclinic, 

triclinic or tetragonal. Recent  calculations prove that cubic structures may be formed even 

at higher t values [49]. With the continuous improvement of computing power, models allow 

to calculate the possible existence and stability for no less than 23000 different perovskite 

[50]. With this high number of possibilities, it is optimistic to think that one can precisely 

tweak the composition to generate the properties needed. To succeed strategic "doping" of 

a starting compound, has to be designed and optimized.  

To dope a perovskite means to alter its charge neutrality and to provoke some 

rearrangements in the lattice. As an example, the substitution in A-site of La (III) with Sr (II) 

creates an excess of negative charge in the material, so the perovskite has two ways to re-

equilibrate itself:  

• if the element in the B-site has a certain flexibility in terms of oxidation state, it can 

go to a higher one. Some transition metals (e.g Mn – Fe – Cr – etc.) may do the magic, 

as they can be present in +2, +3 and +4 oxidation state. In addition, the ions metal 

creates redox couples that can boost the catalytic activity.  

• by creating oxygen vacancies in the perovskite lattice. Oxygen vacancies are crucial 

for the catalytic activity, as they allow oxide anions to move across the material or, 

toward the surface, where they act as reactive sites for the molecules adsorption and 

activation. NOx dissociative chemisorption on surface oxygen vacancies, as an 

example, is the Rate Determining Step for DeNOx reactions in perovskites. A 

superficial vacancy can be filled by an oxide anion migrating from the bulk, or with 

chemisorption of oxygen, with the addition of two electrons from the material 

conduction band. This creates activated oxygen species on the surface, that enhance 

catalytic activity, especially towards oxidation reactions (e.g. CO conversion to CO2) 
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As possible explanation of perovskites’ activity in oxidation catalysis, the Mars von Krevelen 

mechanism has to be considered [51]: the catalyst directly oxidizes the reactant, and then 

oxygen vacancies are filled by molecular oxygen from the environment (Figure 12). 

Considering this mechanism, the relevance of oxygen vacancies both in surface and in the 

bulk and their mobility does not need to be underlined anymore.  

 

 
Figure 12 Mars von Krevelen mechanism illustrated for a oxide based system. The CO molecule is 
coordinated to the catalyst active sites (Pd nanoparticles in this case) and oxygen molecules are 

chemisorbed and activated by the surface vacancy. The same consideration hold for all oxides capable 
of allowing the formation of oxygen vacancies and their migration toward the surface. This scheme can 

be equally applied to perovskites that easily host oxygen vacancies. 

 

 

1.3.6 Top-down nano-decoration 

Until this point, we have discussed only the oxidation function of a material for TWC 

application. Several studies explored the possibility of NOx reduction by metal particles 

supported on perovskites [52].  

The Wet Impregnation procedure is the simplest way to obtain a composite catalyst where 

the metal catalyst is deposited on a substrate [53]. Traditionally impregnation was 
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introduced in catalysis to take advance of the mechanical and thermal properties of a 

support; the deposition of active catalyst support, moreover, allows to save precious material 

and to reduce the cost of the catalytic system. [H.H. Kung; Transition metal oxides: Surface 

Chemistry and Catalysis; Elsevier 1989 Chap. 8] The methodology is straightforward and do 

not need any specific fancy equipment: 

 

• metal precursor solution, 

• suspension of the substrate inside the solution, 

• aging overnight to allow a better intimacy for the metal ions and the support, 

• the solution is dried and the metal oxide particles are formed, 

• the material may be calcined at properly temperatures and atmospheres to obtain 

the desired metal phase.  

 

In recent advanced catalysis, however, impregnation has been notably improved and also 

the catalytic properties of the support are exploited. So nanocomposites systems In which 

both the oxide and metal nanoparticles are exposed to the reactants and which synergically 

operate to promote reactions, are developed.   However, this easy procedure does not allow 

a precise control of the particle’s dimensions and distribution. Other declinations that derive 

from the Wet Impregnation synthesis, required a template molecule; this modified 

procedures add some complexity but allow to accurately control the particles dispersion. The 

idea is to use a molecule as a spacer between ions thus, the final particles, may be more 

dispersed on the substrate surface and have smaller dimension. Some example of molecules 

may be ammonium [54] or citric acid [55].  
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The materials synthetized for TWC application during this thesis, were made, however, with 

a simple Wet Impregnation. The reason is to have the highest accuracy for comparison with 

literature and the commercial material, used as benchmark. Moreover, with the aim of 

Industrial application, I finally decided for the easier procedure to evaluate the better 

performance obtainable with this traditional procedure, knowing that they can be improved 

by Templated Deposition Procedure.  

 

1.4 Water Gas Shift Reaction 

The water-gas shift (WGS) is a reversible, exothermic chemical reaction. It is the combination 

of steam with carbon monoxide to produce carbon dioxide and hydrogen: 

 

𝐶𝑂 +  𝐻2𝑂 ⇌ 𝐶𝑂2 +  𝐻2 

 

The water-gas shift reaction is a fundamental stage in many industrial processes, from 

ammonia to hydrogen production. As a case in point, in ammonia production the CO levels 

must be low, otherwise the deactivation of the synthesis catalyst may occur. Hence, the 

WGSR is employed as a phase in the synthesis to reduce the CO levels and produce additional 

hydrogen. 

1.4.1 Thermodynamics of WGSR 

The water-gas shift is a chemical reaction controlled mostly by equilibrium [56]. The 

equilibrium constant Kp as a function of temperature is shown in Figure 13 
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Figure 13 Equilibrium constant as function of temperature [56]. 

 

The Kp can be estimate by the following empirical formula: 

 

𝐾𝑝 =  𝑒
4577.8

𝑇
−4.331 

 

 

In a simpler way, Figure 13 and the last equation state that Kp decrease with the temperature. 

Ergo, if the aim is hydrogen production, it is desirable to conduct the reaction at low 

temperatures. Alternatively, if the goal is to reduce the CO2 with H2, reaction called Reverse 

Water Gas Shift, low temperature must be avoided. From a practical point of view, is is 

Interesting that pressure does not have any effect on the equilibrium of the shift reaction.  

1.4.2 Carboxyl mechanism vs Redox mechanism 

In the associative mechanism carbon monoxide and water are adsorbed onto the surface of 

the catalyst. Eventually, the formation of an intermediate and the desorption of hydrogen 

and carbon dioxide occurs. In a manner of fact, H2O dissociates on the surface of the catalyst 
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to yield adsorbed OH* and H*. The dissociated water reacts with CO to form a carboxyl or 

formiate intermediate. The intermediate, subsequently dehydrogenates to yield CO2 and 

adsorbed H*. In the end, two adsorbed H* atoms recombine to form H2. 

 

 

Figure 14 Redox mechanism VS Carboxyl mechanism [57] 

 

The redox mechanism, instead, involves a change in the oxidation state of the surface of 

material where the reaction is taking place. In this mechanism, CO is oxidized by an oxygen 

atom directly from the catalyst. A water molecule undergoes dissociative adsorption at the 

newly formed oxygen vacancy to form two OH*. The hydroxyls disproportionate to form H2. 

The last step is the restoring of the starting oxidation state of the surface of the catalyst. 

 

1.4.3 WGSR materials: reinventing the past 

The water gas shift reaction can be catalyzed by both metals and metal oxide.  
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Figure 15 3D volcano plot for WGSR vs O and CO adsorption energies [58]. 

 

 

Figure 15 shows a 3D volcano plot for WGSR rate over the surfaces of transition metals as a 

function of the binding energies of atomic oxygen and carbon monoxide. The figure reveals 

Cu to be the most active among the more common catalysts, by being at the center with 

optimum adsorption energies for O and CO interactions [58]. 

The most used materials for WGSR are metal supported metals, as Cu/Al2O3 or PGM over a 

substrate. Less common, at least from an industrial point of view, is a class of material call 

spinels.  
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Figure 16 Crystal structure of spinel unit cell: a) two types of sub-unit cell and their arrangement in a 
spinel unit cell; b) a complete spinel unit cell; c) atoms arrangement in different layers of a spinel unit cell. 

 

The spinel-type crystallographic structure characterizes many compounds having the 

formula AB2O4. Normally, A and B are a bivalent and a trivalent cation. The cations occupy 

1/4 of the tetrahedral interstices and 1/2 of the octahedral interstices in the cubic close 

packed array of oxide ions [59]. Two possible ways or arranging are possible: 

 

• normal spinels have bivalent ions in tetrahedral sites and trivalent ions in octahedral 

sites, 

• inverse spinels have bivalent ions in octahedral sites and trivalent ions in both 

tetrahedral and octahedral sites.  
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In any case, most frequently spinel structures are only partially normal or inverse, with 

significant disorder in cation distribution. Defective spinel-type structures with both 

octahedrally and tetrahedrally-coordinated cations are taken by some metastable 

polymorphs of the sesquioxides M2O3 (M = Al, Fe, Cr, Ga) [60]. The thermodynamically stable 

forms have the corundum-type structure where only octahedral coordination for cations 

occurs. AxB2O3+X (0 < x < 1) nonstoichiometric spinels are also known and can be considered 

as solid solutions of the defective spinels-type M2O3 oxides and the stoichiometric spinels 

AB2O4. 

1.4.4 Bottom-up nano-decoration 

The exsolution is a process well known in geology [61] but in the catalytic world just in 2002 

Nishihata et al. [62] reported the possible exsolution of Pd from LaFe0.57Co0.38Pd0.05O3. 

However, it was with the work of Neagu, Irvine et al.  [63]  that exsolution started to obtain 

its deserved stage. Exsolution is a phenomenon where metal catalysts are segregated from 

an oxide lattice to an oxide surface under specific condition, as it is possible to see in Figure 

17. Unlike the conventional deposition techniques, exsolution is particularly attractive for its 

time efficiency due to the possibility to avoid another synthesis step.  

The most used way to extract the metal particle from the matrix is the gas/temperature 

route. In particular, more the matrix is stable and more the condition of temperature and gas 

must be severe.  

 



 48 

 

Figure 17 Possible ways to achieve the exsolution process [64]. 

 

After the exsolution process, the particles are not free to move on the surface like it can 

happen with the deposited metals deposited by different procedures (sub-chapter 1.3.6). 

Rather, they remain partially embedded in the matrix. The interaction at the interface is thus 

maximized, inducing completely different lattice strain effects that may modify the catalytic 

activity.  

 

1.5 Outline and aim of this thesis 

To summarize, let me resume the technologies and strategies presented in the previous 

pages that were chosen as possible solutions to the energy demand and air pollution in the 

world. 

First, Solid Oxide Cells (SOCs) where illustrated with the aim to show how this technique is 

extremely efficient to transform chemical energy into electrical energy (Fuel Cell mode) and 

vice versa (Electrolyzer mode). From thermodynamics fundamental (1.2.1) to the state of the 
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art of the materials (1.2.2): a short walk to eventually, try to answer the question of why this 

incredible technology deserves to be investigated (1.2.3). 

From energy transformation to air pollution dilemma, the Introduction chapter continue 

with Three Way Catalysts (TWCs). This technology is fundamental to avoid harmful emission 

from vehicle that use internal combustion engine. Nowadays is the rising age of electric car 

but the problems behind the use of batteries are significant and the Fuel Cell technology it is 

not a ready on market technology. Moreover, the technology behind TWCs can be an 

extremely useful starting point to developed new materials which can be used in different 

applications (abatement of exhausts in stable plants, development of catalyst for highly 

demanding application). During the engine function, as mentioned in the sub-chapter 1.3.2, 

the  probe is responsible to adjust the fuel/oxygen ration in the gas mixture. In other word, 

the catalyst is constantly subjected to changing atmosphere, thus to a continuous change of 

a sort of equilibrium [65]. The know-how developed in the last 50 years can be extremely 

helpful to enrich the database of new materials that can benefit from an oscillating dis-

equilibrium to perform in a better way and of synergic mechanisms in complex reactions. 

To conclude, two main aspects unify the research presented in this thesis: the care for 

environment and the idea of developing innovative materials by slight and careful 

modification of spinel and perovskite system. Care of environment: to demonstrate that 

progress is sustainable, that energy can be converted minimizing the generation of 

pollutants.  

Spinel and perovskite crystallographic structure are a tremendously simple way elaborate by 

nature to arrange some metal ions (sub-chapter 1.4.3 and 1.3.5). It is possible to bestow to 

spinel and perovskite the specific behavior that a specific application needed, adjusting with 
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craftiness the composition. More important, it is possible to elaborate a starting material 

that can completely change his catalytic behavior, transforming itself in a new in situ catalyst.  

 

In detail, the outline of the thesis: 

 

1. In Chapter 2 will be present the methodology used to characterize and tested all the 

materials synthesized: spinels based on Cu and Fe, perovskites based on La and Fe.  

2. Chapter 3 and Chapter 4 will be dedicated to the 6 months passed at the Paul Sherrer 

Insitut (PSI) under the supervision on Dr. Davide Ferri. The materials were 

characterized more exhaustively with in situ XRD, X-ray Absorption Spectroscopy 

(XAS) using the Swiss Light Synchrotron (SLS). Eventually, the materials were tested 

for Water Gas Shift Reaction and Three Way Catalyst reaction. 

3. In Chapter 5 will be presented the spinels that outstand from the WGSR process and 

tested as Fuel Electrode for SOC application. From the preparation of the button cells 

to the electrochemical process involved. 

4. In Chapter 6 the showcase, still under construction, of the possibility that have some 

perovskite to change their crystallographic structure under specific condition. The 

data were recorded at the European Synchrotron Radiation Facilities (ESRF) at the 

beamline ID15. 
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“You cannot create experience. You must undergo it.” 
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2.1 Powder preparation 

If not otherwise stated spinel-type and perovskite-type metal oxides were synthesized using 

the amorphous citrate-based process. The citric acid is used as a complexing agent for metal 

cations in aqueous solution [1] [2] [3]. The thorough, homogeneous mixing of precursors in 

solution allows for the formation of phase pure crystal at lower calcination temperatures 

compared to solid state methods. In this way, the resulting materials have a comparably 

higher specific surface area (10 - 40 m2g-1) [4].With respect to other sol-gel procedures (such 

as Pechini method, as an example) the citric acid route requires less reactants and has been 

considered more adequate to the Industrial up-scale.  

Depending on requested composition, suitable amounts of metal oxides were dissolved in 

nitric acid (or metal nitrates were dissolved in deionized water) and mixed to form a 

homogeneous solution. The second step is to dissolve the correct amount of citric acid. The 

overall molar ratio of metal cations to citric acid was kept constant at 1:1.9. The resultant 

solution was stirred at room temperature for 60 min before drying overnight at 70°C. The 

brownish precursor, after increasing the plate temperature to 270 ºC, ignites itself burning 

all the organic components. The resulted precursor was then crushed to a fine powder and 

subjected to temperature programmed calcination. 

Copper impregnated perovskite were prepared from Cu-free supports synthesized according 

to the procedure above. Appropriate amounts of Cu(NO3)2 were dissolved in deionized water 

before being mixed to the perovskitic support. The drying process was again conducted 

under constant stirring overnight at 50°C followed by calcination in air [5]. 
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2.2 Specific surface area determination 

Nitrogen physisorption at -196°C was used to determine the specific surface area (SSA) 

based on the theory of Brunauer-Emmett-Teller [6] (BET) using a ASAP 2020 instrument 

from Micromeritics. The measurements were conducted on 0.5 g of powder sample, which 

was outgassed at 300°C for 6 h. Seven-point adsorption isotherms were collected in the 

pressure range of 0.05 - 0.3 P/P0, as typically values applied for mesoporous materials. 

2.3 X-ray diffraction 

2.3.2 Ex situ measurements 

The crystal structure of powder samples was investigated by ex situ powder X-ray diffraction 

(XRD) using a diffractometer (Bruker D8 Advance) equipped with Ni filtered Cu K radiation, 

variable slits and energy sensitive line detector (LynxEye). Diffractograms were collected at 

an acquisition time of 3 s and a step size of Δ2 = 0.02 º in the range 20-70 º. Background 

fitting, peak parameter determination and phase identification were performed using the 

EVA software from Bruker.  

The Scherrer equation [7] was used to estimate the perovskite and spinel crystallite size (d): 

d =  
K λ

FWHM cosϑ
 

 

This equation includes the form factor (K = 0.9), the X-ray wavelength of the source ( = 1.54 

Å in case of Cu anode), the angular reflection position () and the full width at half maximum 

of the corresponding reflection feature (FWHM). 
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2.3.2 In situ measurements 

In situ XRD measurements were conducted on the same instrument using an in situ XRD 

reactor chamber (XRK 900, Anton Paar). Reactive gases (5 vol% H2/N2 and 20 vol% O2/N2) 

were dosed to the chamber during the experiment (100 sccm) using mass flow controllers 

(MFC, Bronkhorst). Sample temperature was monitored using a K-type thermocouple. 

2.4 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) measurements were performed at the SuperXAS 

beamline of the Swiss light source (SLS, Villigen, Switzerland) using a 2.9 T superbend 

magnet as the source. The beam current and the energy of the storage ring were 400 mA and 

2.4 GeV, respectively. Subsequently the beam was collimated using a Si coated collimating 

mirror at 2.9 mrad and then monochromatised using a liquid nitrogen cooled Si 111 channel 

cut monochromator oscillating at a 1 Hz repetition rate [8]. The resulting beam was then 

focused to a 1 mm x 0.4 mm spot size on sample using a Rh coated torroidal double focussing 

mirror. Transmission geometry measurements were carried out with 1.5 bar N2 filled ion 

chambers and energy calibration by consideration of the maximum of the first derivative of 

a simultaneously measured Fe or Cu foil. The data were processed using ProQEXAFS [9] for 

calibration, normalisation and averaging over the 3 minutes data acquisition per sample. 

Spectra were collected in fluorescence mode using a N2 filled ion chamber to monitor 

incoming beam intensity and a five element SD silicon drift detector mounted at 90° to the 

beam and the sample mounted at 45°. The beam was collimated using a Si coated mirror, 

which was also used for the reduction of higher harmonic contributions, while the required 

X-ray energies were scanned around the Cu or Fe K- edge using a Si (111) channel-cut 
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monochromator. The beam was focused to a spot size of 2 mm × 0.2 mm (H×V). Ex situ 

measurements were conducted on pelletized samples at room temperature. 

2.5 High energy X-ray diffraction 

Operando time-resolved X-ray diffraction patterns were acquired at beamline ID15A of the 

ESRF (Grenoble, France, beam size 100 x 100 m) using a Pilatus X detector (1679 x 1475 

pixels, Dectris) at a time resolution of 0.5 s and at an incident energy of 79.5 keV. The samples 

(sieve fraction, 100–150 m) were firmly mounted between two quartz wool plugs in a quartz 

capillary reactor (OD = 2 mm, wall thickness 50 m) which allowed the insertion of a 0.5 mm 

thermocouple. The sample was positioned 800 mm from the detector. The reactor was 

connected to a gas manifold allowing for fast switching of the feed to simulate reductive and 

oxidative operation and was interfaced by heated stainless steel capillary to a mass 

spectrometer (MS, Pfeiffer Omnistar GSD 320) for on-line gas analysis. The following m/z 

values were recorded: 2 (H2), 4 (He), 18 (water), 28 (CO), 32 (O2) and 44 (CO2). Feed conditions 

were controlled by two solenoid on/off valves placed in front of the quartz reactor and slaved 

to the beamline control software to synchronize data acquisition and gas switches. Heating 

was provided using a hot air blower.  

An experiment consisted in heating the sample to the desired temperature (300, 400 and 500 

°C) in 5 vol% O2/He followed by repeated and alternate pulses of 5 vol% CO/He, 1 vol% Ar 

and 5 vol% O2/He (30 s each). 
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Figure 18 Left: image of the setup used at the beamline ID15A.  

Right: scheme of the system used during operando measurements. 

 

Above 300°C, the measurements at selected temperatures were interspersed by heating to 

600°C in 5 vol% O2/He in order to ensure restauration of the original structure, which was 

confirmed by XRD. 

2.6 Temperature programmed reduction 

Temperature programmed reduction (TPR) experiments were carried out on a bench top 

AutoChem 2920 instrument equipped with a thermal conductivity detector to measure H2 

consumption. The samples (~50 mg) were loaded into the quartz reactor tube. 

Measurements were recorded in 5 vol% H2/Ar (30 sccm) and with a heating rate of  10 °Cmin-

1. TPR samples were previously outgassed with He (50 sccm) at room temperature. Single 

TPRs were usually conducted up to 800°C.  
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2.7 Scanning microscopy 

Scanning electron microscopy (SEM) was used to observe morphological changes of powder 

samples and the structural evolution of Cu particles over the course of reducing process. The 

instrument used to obtain all SEM images was a field emission SEM (Zeiss ULTRA 55). 

Powder samples were deposited on sticky carbon pads on aluminum stubs before analysis. 

The samples were analyzed using a 20 keV electron beam and the in-lens secondary electron 

detector at a working distance of 7 mm. Magnifications in the range of 50,000 - 100,000 

allowed the analysis of Cu particles. 

2.8 Catalytic tests 

2.8.1 Reverse water gas shift reaction 

Catalytic activity tests towards the reverse water gas shift reaction (RWGS) were conducted 

at atmospheric pressure using the setup showed in Figure 19. Reactants and products were 

analyzed using an FTIR spectrometer (ThermoFisher Antaris) equipped with a heated 2-m 

gas cell. In each experiment, the sieved sample (50 - 100 mg) was mixed with 50 - 100 mg of 

cordierite and loaded in a tubular quartz reactor (di=6 mm). Prior to the reaction, all the 

samples were heated with 10% O2 in N2 (100 sccm) to 400 °C at 10 °C/min. MFCs (BROOKS) 

were used to dose the reactant gases and a K-type thermocouple placed in the middle of the 

catalyst bed was used to monitor temperature.  

The tests were conducted two times with all the samples, replacing every time the catalyst 

used with a fresh one:  

a. with pre-reduction (5% H2 in N2 ) up to 300 ºC. 
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b. no pre-treatment. 

The reactant gas mixture (5 % H2 / 1 % CO2 / rest N2) was fed at a total flow rate of 100 sccm 

with a ramp of 10 ºC from room temperature up to 600 ºC. 

 

 

Figure 19 Catalytic test setup: MFCs mixing unit, heated stainless steel tubing, tubular furnace (Tmax = 
700°C) and a spectrophotometer FT-IR for gas composition analysis. 

 

2.8.2 Three-way catalyst reaction 

The activity of the powder catalysts toward TWC reaction was evaluated with a system 

considerably comparable with the one showed in the previous paragraph (Figure 19). The gas 

flow after reaction was analyzed with a InProcess Instruments GAM 400 mass spectrometer 

and with a FT-IR Brucker Alpha II equipped with a 7 cm gas cell with a ZnSe window. The gas 

cell is heated to 150 ºC during measurement. 

Spectra were recorded from 3000 to 300 cm−1 at a resolution of 4 cm−1 and scanner velocity 

of 0.33 Hz. The sample and background spectra resulted from averaging 30 and 20 scans, 
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respectively. Fragments with m/z ratios of 2 (H2), 4 (He), 18 (H2O), 28 (N2/CO), 30 (NO), 32 

(O2), and 44 (CO2, N2O) were followed. The exothermic effect of the reaction was minimized 

by diluting the catalyst (50 mg, 150−200 μm sieve fraction) with cordierite 150 mg, 100−150 

μm). Feed conditions were controlled by two solenoid on/off valves (Series 9, Parker; 

opening time <5 ms) placed in front of the reactor. The conditions followed the idea proposed 

in a previous publication [10]. Under rich conditions the feed composition was 0.7 vol% CO, 

0.15 vol% NO, 0.16 vol% C3H8 balanced with He. When 0.7 vol% O2 was added, the feed 

composition was only slightly lean. Experiments under constant feed were performed with 

0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8, 1 vol% O2, balanced with He. Rich or lean feed 

conditions were maintained for 20 s each. The long pulse time and the predominantly rich 

reaction conditions relative to realistic operation are suitable from an experimental 

viewpoint to study the catalytic and reducing response. The large difference in oxygen 

concentration, much larger than expected for operation in real, was selected to enhance the 

chemical response. Samples temperatures were monitored continuously using a K-type 

thermocouple inserted parallelly in the inlet of the catalyst bed and controlled by a house 

made software. Before performing catalytic experiments, the samples were treated in 5 vol% 

O2/He (50 sccm) at 400 ºC for 30 min.  

2.9 Electro-catalytic tests 

2.9.1 Cells manufacturing 

In the current thesis the button cell design was chosen due to its simplicity. Between the 

possible configurations, electrolyte-supported was realized to increment the reproducibility 

of the test. The main purpose of this work is, in fact, studying the property of the synthesized 



 73 

catalyst as fuel electrode in a solid oxide cell. To obtain the green pellet 2.5g of 

La0.8Sr0.20Ga0.8Mg0.2O3 (LSGM) or yttria stabilized zirconia (8-YSZ) [11] powder was 

compressed utilizing a pressure of 4.5 tons for 5 minutes; eventually the pellet was treated 

thermically at 1500°C for 6 hours with a ramp of 5°C/min until 1100° followed by a ramp of 

3°C/min up to the final temperature. The manufactured electrolytes possessed dimensions 

of 20 mm diameter and 1 mm thickness. To prepare the ink, catalyst powder and 3% wt 

carbon soot was mixed in a mortar, followed by the addition of two -terpineol based 

polymers. The ink was deposited via tape casting utilizing a 12 mm diameter mask. This 

method allowed to obtain electrode thicknesses of 30 μm [12]. Once the electrodes were 

deposited, a further heat treatment was carried out to optimize the adhesion: 1100°C for 2h 

in air with a 3°C/min ramp. A gold paste made of a commercial compound of gold and an 

organic binder has then been deposited by tape casting on the electrodes as current 

collector. 

2.9.2 Electrochemical Impedance spectroscopy (EIS) 

The best way to study a material as electrode in a solid oxide cell is the symmetrical 

configuration [13] [14]: both the electrodes are equal and are composed by the same 

materials. For symmetrical test, the cell was supported by an α-alumina DEGUSSIT AL23 

tube able to canalize the gases parallel to the electrodes’ surface, as showed in Figure 20. 

Platinum wires present on the ceramic tube were connected to the golden wires on the cell 

in order to establish a consistent electron pathway.  
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Figure 20 Representation of the symmetrical setup used for electrochemical measurements. 

 

Electrochemical results were obtained through PGSTAT 302 Autolab Frequency Response 

Analyzer: The tests were carried out in steady state conditions, i.e., with no DC current in the 

frequency range of 10-2-106 Hz with a signal amplitude of 20 mV. All EIS data were fitted and 

analyzed through the ZView 4 software and different circuits were utilized to fit different EIS 

data. The number of R-CPE is the number of the processes seen in the Nyquist and Bode 

plots. It this thesis was decided to use the CPE (i.e., Constant Phase Element) instead of a 

normal capacitor since capacitors in EIS experiments often do not fit correctly the curve due 

to their inability to modulate a real process [15]. 
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Chapter 3 
 

“I wear a mask. And that mask, it’s not to hide who I am, but to create what I am.” 

Batman 
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3.1 Introduction 

Spinel oxides have been used in various catalytic applications, including the decomposition 

of CO2 [1] and gaseous pollutants like the various nitric oxides [2]. In this thesis chapter, the 

main reaction studied is the reversible and exothermic water gas shift reaction (WGSR): 

 

CO +  H2O ⇌ CO2 +  H2 

 

Investigation has been mostly driven by spinel-based systems made up by iron and copper. 

Spinel crystallographic structures are a tremendously simple system way elaborated by the 

nature to arrange some metal ions (sub-chapter 1.4.3 and 1.3.5) in a perfect architecture with 

overwhelming catalytic properties. It is possible to bestow to spinel the specific behavior that 

a specific application needed, adjusting with craftiness the composition [3]. At this purpose, 

different dopings with aluminum were provided to understand the correlation between 

structural integrity and reactivity. The fundamental idea behind this work is trying to 

elaborate a starting material that can completely change its catalytic behavior and 

transforming itself in a new in situ catalyst.  

3.2 Experimental 

3.2.1 Synthesis 

Spinel-type mixed oxides of composition CuFe2O4, CuFeAlO4 and CuAl2O4 were synthesized 

via the citrate-gel method [4] described in chapter 2.1. Final calcination was conducted at 

800°C for 6 h to obtain the desired crystal phase. As reference, -Al2O3 were loaded with Cu 
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by wet impregnation (chapter 2.1) with an aqueous solution of Cu(NO3)2·6H2O to produce 10 

wt% Cu/Al2O3. The composite material was dried overnight and calcined at 450 ºC for 2 h. 

Prior to experiments all the samples were ground to a fine powder in an agate mortar and 

eventually sieved with fraction of 100-150 m. 

 

3.2.2 Characterization 

Phase purity of the powder catalysts was verified by powder X-ray diffraction (XRD) using 

the instrumentation and settings described in Chapter 2.3.2. XRD patterns were also 

collected in situ during reduction (5% H2 in N2) and oxidation (20% O2 in N2) of spinel samples 

(CuFe2O4, CuFeAlO4, CuAl2O4) on the same instrument using a XRK 900 reactor chamber 

from Anton Paar. In these experiments the angular range was scanned using a step size of 

0.05° in the range 20° - 70°. 

 

Cu K-edge (8.9789 keV) and Fe K-edge (7.1120 keV) X-ray absorption spectra were acquired 

on pelletized samples in fluorescence mode at the X10DA (SuperXAS) beamline of the Swiss 

Synchrotron Light Source (SLS, Villigen, Switzerland) as described in Chapter 2.4. XAS 

spectra of the samples were fitted using as reference the samples listed in Table 1.  

 

Table 1 References used for XAS measurements and calculations. 

Cu Fe 

metallic Cu metallic Fe 

CuO Fe3O4 
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Cu2O FeO 

- y-FeOOH 

 

Temperature programmed reduction experiments were performed using the procedure 

explained in Chapter 2.6. The samples (~50 mg) were loaded into the quartz reactor tube and 

measurements were recorded in 5 vol% H2/Ar (30 sccm) and with a heating rate of   10 °C min-

1. To evaluate a possible reversibility of the structure, for the sample CuFe2O4 a reoxidation 

step between two TPR was performed with 20 % O2/N2 up to 400 ºC with a heating rate of 10 

°C min-1.  

 

The specific surface area (SSA) of the calcined powder was determined by N2 physisorption 

isotherms as described in Chapter 2.2. 

 

Changes in the microstructure of the samples as a result of reduction condition were studied 

using scanning electron microscopy (SEM) by the instrumentation described in Chapter 2.7. 

Images were collected on calcined and reduced samples (5 vol% H2/Ar, 300°C, 1 h) as well as 

on fresh samples. 

 

Catalytic activity tests towards water gas shift reaction were carried out on the homemade 

test setup described in Chapter 2.8.1. Catalytic tests were conducted on pre-reduced 

samples (5 vol% H2/N2, 300°C, 1 h) and fresh samples.  
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3.3 Results and discussion 

3.3.1 X-ray diffraction 

Phase purity and crystal symmetry of all powder samples were assessed using powder X-ray 

diffraction (XRD). The obtained patterns were compared with JCPDS (Joint Committee on 

Powder Diffraction Standards) database and found to correspond well with the respective 

entries. Figure 1 shows diffraction patterns gathered for the samples CuFe2O4 (JCPDS 006-

0545), CuFeAlO4 (JCPDS reference under revision) and CuAl2O4 (JCPDS 01-078-556) [6]. All 

samples exhibit the characteristic diffraction peaks around 30.5º, 35.6º, and 62.6º 2 

positions, which correspond to the hkl (220), (311) and (440) Miller indices of a spinel ferrite 

with the Fd3m space group [5]. 

 

 

Figure 21 Normalized powder XRD patterns of CuFe2O4, CuFeAlO4 and CuAl2O4. The presence of CuO 
impurities is marked with (*). 
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Is possible to see from Figure 21 that the angle of the peak at ~36º increase with the 

aluminum content. Iron and aluminum cations tend to preferentially occupy the octahedral 

A and B sites than the tetrahedral positions. Instead, Cu cations prefer the tetrahedral 

positions [6].  

The relatively high calcination temperature (800 ºC) causes the narrow shape of the peaks. 

The average size of crystallite was calculated, on all powder samples, using the Scherrer 

equation [7] considering the full width at half maximum (FWHM) of the main reflection of the 

samples. In Table 2 are listed the values for the synthesized spinels. 

 

Table 2 Average dimension of crystals calculated from Scherrer equation. 

CuFe2O4 32.3 nm 

CuFeAlO4 30.7 nm 

CuAl2O4 27.6 nm 

 

The ratios of metal cations (Al/Fe) into the solid system influences the crystallographic 

structure. In the sample CuFe2O4 the cations and anions arrangement are tetragonal while 

the insertion of Al inside the lattice, lead to the more symmetric arrangement, cubic 

(CuFeAlO4 – CuAl2O4). The presence of aluminum guarantees the stabilization of the cubic 

symmetry also at room temperature (see Chapter 3.3.2). Secondary phase was found only 

for CuAl2O4 and is attributed to CuO, with Bragg peaks located at 2θ=36.0° and 38.0° 

(marked by * in Figure 21).  
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3.3.2 In situ X-ray diffraction  

In situ XRD measurements were conducted in isothermal condition at different temperature 

and different environments. Temperatures were chosen following the TPR profiles for each 

sample (Chapter 3.3.3).  
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CuFe2O4 – O2 

 

Figure 22 In situ XRD patterns of CuFe2O4 under 20% O2/N2. XRD taken in isothermal conditions at 
different temperatures: 50 - 270 - 420 - 590 - 750 ºC. First pattern (from the top) was taken at room 
temperature after all the treatments. 

 

In situ XRD under oxidative condition of CuFe2O4 allowed to observe a particular behavior of 

this system. At room temperature, the system arranges itself In a tetragonal disposition, 

where the cation Cu2+ is comfortable in octahedral sites. Fe2+ and Fe3+, instead, can settle in 

octahedral and tetrahedral sites. In general, the crystal structure of spinels can be cubic or 

tetragonal. As for CuFe2O4, the cubic-to-tetragonal phase transformation of CuFe2O4, is 

irreversible at room temperature [8], since the tetragonal distortion of CuFe2O4 is more 

thermodynamically stable than the cubic one. From Figure 22, under 20% O2 in N2, the 

structural changes start to appear above 420 ºC and the phase changes from tetragonal to 

cubic. A low number of peaks appeared from 420 ºC to 750 ºC and no other phases are 

formed. As mentioned before, synthesis plays a crucial role: when the starting materials 
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exhibit tetragonal phase, the structural changes are completely reversible and without losing 

crystallinity.  

 

CuFe2O4 – H2 

If the spinel system studied is placed under reducing environment, irreversible structural 

changes may occur. In situ XRD measurements were performed using 5% H2 in N2, in 

isothermal condition using the same temperatures chosen for oxidative tests. 

 

Figure 23 In situ XRD pattern of CuFe2O4 under 5% H2/N2. XRD taken in isothermal conditions at different 
temperature: 50 - 270 - 420 - 590 - 750 ºC. First pattern (from the top) was taken at room temperature 
after all the treatment. 

 

Unlike the spinel in oxidative condition, under hydrogen atmosphere, structural changes 

appear at lower temperature, according to TPR profile (Chapter 3.3.3). At 270 ºC copper 

starts migrating from the lattice toward the surface to form bulk aggregates, as suggested 

by the presence of Cu0 peaks at 42º and 50º 2. At higher temperature also iron cations start 
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to reduce leaving the spinel structure and forming Fe0 (peak at 44 º 2). From 270 ºC to 420 

ºC, the crystallographic structure of CuFe2O4 change from tetragonal to cubic due to 

temperature increment and cation (Cu2+ - Fe2+ - Fe3+) migration [9]. Above 420 ºC the spinel 

starts to decompose completely to metallic copper and metallic iron without possibility of 

reversible transition. 

 

CuFeAlO4 

In order to balance and maintain the spinel structure under reducing atmosphere, a doping 

in B-site could be a suitable solution. For Investigating the system CuFeAlO4 in situ XRD was 

performed at different temperatures between room temperature and 750°C. 

 

 

Figure 24 In situ XRD pattern of CuFeAlO4 under 20% O2/N2. XRD taken in isothermal conditions at 
different temperature: 50 – 300 - 440 - 680 - 750 ºC.  
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The aluminum insertion in CuFe2O4 allows to stabilize the cubic phase also at room 

temperature and for this reason, no structural changes were noted under oxidative 

environment (Figure 24).  

Unlike iron (for which two different oxidation numbers are possible), aluminum can be only 

Al3+ and can, therefore, occupy only octahedral sites in spinel system. The insertion of 

aluminum atoms revealed to be a strategic help to fulfil this goal because it contributes to 

create a more stable spinel structure but, at the same time, allows  to reduce the remaining 

cations and to enhance the preparation of  heterogeneous catalyst.  

 

 

Figure 25 In situ XRD pattern of CuFeAlO4 under 5% H2/N2. XRD taken in isothermal conditions at 
different temperature: 50 – 300 - 440 - 680 - 750 ºC. First pattern (from the top) was taken at room 
temperature after all the treatment. 

 

The hypothesis was confirmed from in situ XRD under hydrogen. At 300 ºC copper cations 

copper start to migrate from the spinel structure to form Cu nanoparticles that decorate the 
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surface (Chapter 3.3.2) of the residual spinel. Raising the temperature only provides an 

increment of the amount of copper extracted from the structure.  

As largely described previously in this thesis, that copper cannot be reinserted inside the 

lattice of the spinel oxide, hence the process is irreversible [10]. At the higher temperatures 

investigated, 750 ºC, the new system is composed as Cu nanoparticles over the new spinel 

FeAl2O4 [11]. From XRD measurements is not possible to evaluate with sufficient accuracy if 

the nanoparticles are composed only by copper or by an alloy formed by Cu and Fe. In situ 

XRD measurements allowed to confirm the presence of metallic copper over a spinel 

substrate, necessary condition for Reverse Water Gas Shift reaction, Three Way Catalyst and 

for electric conductivity in electrodes for Solid Oxide Cells. 

 

CuAl2O4 

In the previous section, aluminum demonstrates the ability to preserve the integrity of the 

spinel under reducing condition when the exsolution of Cu takes place. But what happens to 

the oxide when the structure is unable to reduce itself enough? Here, in order to answer this 

question, cupro-spinel without iron in B-site will be investigated.  As much as in the case of 

CuFeAlO4, the presence of aluminum stabilizes the cubic structure also at room temperature, 

as shown in Figure 26. 
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Figure 26 In situ XRD pattern of CuAl2O4 under 20% O2/N2. XRD taken in isothermal conditions at 
different temperature: 50 – 300 - 440 - 680 - 750 ºC.  

 

Without Fe inside the structure, the only cation that can migrate from the lattice is Cu2+. At 

300 ºC, Figure 27, copper starts to accumulate as a new metallic phase. From 440 ºC up to 

750 ºC the copper transition from Cu2+ to Cu0 continues until a new phase is formed. The 

system, after the reduction treatment, is composed by copper particles supported by the 

CuAl2O4 left over. 
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Figure 27 In situ XRD patterns of CuAl2O4 under 5% H2/N2. XRD taken in isothermal conditions at different 
temperature: 50 – 300 - 440 - 680 - 750 ºC. First pattern (from the top) was taken at room temperature 
after all the treatments. 
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3.3.3 Temperature Programmed Reduction analysis 

Temperature programmed reduction (TPR) experiments were conducted on calcined 

powders according to the general procedure described in Chapter 2.5. The reducibility of 

CuFe2O4, CuFeAlO4 and CuAl2O4 samples were examined by H2-temperature programmed 

reduction measurements (Figure 28) 

Two peaks are observed on the curves of CuFe2O4 and CuFeAlO4, it meant that the reduction 

process proceeds at least in two steps. In agreement with the previous in situ XRD analysis, 

CuAl2O4 presents an impurity peak at ~200 ºC due to the reduction of CuO to Cu0 [12]. First 

of all, the temperatures where the reductions begin, were evaluated. From the in situ XRD 

analysis, the hypothesis that increasing the amount of Al3+ in the lattice leads to a more 

stable spinel, is confirmed also by TPR measurements. CuFe2O4 (red) presents the lowest 

temperature of reduction (~320 ºC) and the higher H2 consumption, indicative of a sample 

that is very unstable at high temperature and under reducing environment. The shape of the 

first peak, responsible of the process Cu2+ > Cu0 [13] hide two possible explanation: 

 

• the presence of Cu1+ inside the lattice: very uncommon for spinel structures and in 

conflict with the H2 consumption. 

• different crystal sizes dimensions have different reduction temperatures.  

 

The iron starts to leave the structure at 450 ºC to be completely reduced to Fe0 at 750 ºC 

(Chapter 3.3.2). Viceversa, despite the presence of the CuO peak, CuAl2O4 (green) exhibit the 

higher reduction temperature, and the total absence of reduction above 500 ºC caused by a 
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whole iron substitution. The shoulder present at ~420 ºC could be explained by the difficult 

to extract Cu2+ beyond a certain amount due to the tenacity of the system. 

 

Table 3 Comparison between theoretical and experimental H2 consumption during TPR analysis. 

sample 
Theoretical H2 

consumption (mol) 

Measured H2 

consumption (mol) 

CuFe2O4 0.001570 0.001590 

CuFeAlO4 0.001190 0.001200 

CuAl2O4 0.00028 0.00110 

 

 

Figure 28 H2-TPR profiles of the synthesized spinels. Different Al content led to different reduction 
process and temperature. 
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Eventually CuFeAlO4 (black) is the synthesized spinel that have good stability at high 

temperature and a reasonable reduction temperature for RWGS and TWC application. As 

showed by the in situ XRD, Cu2+ start to reduce at 300 ºC to form a separate metallic phase. 

Although the reduction of iron is limited but not equal to zero, demonstrable by the presence 

of hydrogen consumption at 500 ºC (Fe3+ to Fe2+) and above 700 ºC (Fe2+ to Fe0) [14] 

suggesting that take place anyway. 

 

Reversibility of CuFe2O4 

TPR-like measurements were carried out using the in situ XRD setup. In Figure 29, a scheme 

of the thermal program used for this analysis is reported highlighting all the steps. TPR 

measurement (5% H2/N2) followed by a TPO (20% O2/N2) and record the phase transition 

with the XRD.  

 

Figure 29 Schematic representation of the program used to verify CuFe2O4 reversibility. 
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Figure 30 In situ XRD of CuFe2O4 after a TPR-TPO process to evaluate its reversibility. Reduction step: 
300 ºC in 5% H2/N2 for 1h. Oxidation step: 330 ºC in 20% O2/N2 for 1h. 

As expected, the system CuFe2O4 is not reversible: when copper is extract from the lattice is 

remarkably difficult to reinsert the cations inside the crystallographic structure [15]. To 

better understand, Figure 30 shows the results of the consequential TPR-TPO 

measurements. First of all, in reducing environment the extraction of Cu from CuFe2O4 

causes the rearrangement of the crystallographic structure from tetragonal to cubic. During 

the reduction process, Cu2+ is extract from the spinel system. In addition, in Chapter 3.3.2 was 

illustrated that more aluminum is inside the lattice, less copper is extract from the structure. 

After the TPR measurement, (black patterns) the peak at 42 º 2 grows in intensity due to 

the presence of metallic copper. While, as a result of the TPO, the oxidation of copper 

stopped to the intermediate Cu2O (36 º 2) instead oxidize to the more stable CuO.  

3.3.4 X-ray Absorption Spectroscopy analysis 

Direct information on the oxidation states of Fe and Cu in the various spinels samples was 

obtained from X-ray absorption spectroscopy (XAS).  

In Figure 31 Cu K-edge and Fe K-edge of a set of Cu2+ Cu1+ Cu0 and Fe3+ Fe2+ Fe0 references 

compounds which clearly demonstrate the differences in all aspects related to the pre-edge  
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edge and post-edge features of these selected compounds.  

 

Figure 31 The Cu K-edge and Fe K-edge spectra of selected reference compounds 

 

This also demonstrates that the XAS technique can unravel differences in the spectra which 

appears to be related to different local geometries. Comparison was performed on the 

normalized Cu K-edge and Fe K-edge data of all the spinel system (reduced and fresh). 

 

There are three regions of interest in a typical XAS spectrum:  

1. the pre-edge which is due to the 1s to 3d transition and has been noted to be sensitive 

to the local coordination geometry [16]. 

2. the edge position through the midway of the rising absorption edge which is known 

to be sensitive to the oxidation state of the metal ions of interest [17]  

3. the so-called ‘‘white-line’’ (intensity at the top of the edge) [18] [19] which is known 

to show differences depending on the nature of the local coordination geometry. 

 

Measurements were carried out on fresh and reduced samples. The reduction procedure was 

the same for each sample: temperature ramp with 5% H2/Ar from RT to 350 ºC. As showed 
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in Chapter 3.3.3, 350 ºC is the temperature of the first reduction peak of copper from Cu2+ to 

Cu0. Furthermore, 350 ºC was the temperature chosen for the catalytic activation before 

testing spinels for RWGS and TWC reactions. 

 

Cu K-edge 

The references used are characterized by different local coordination environment ranging 

from FCC (Cu0), linear (Cu2O) and the most common in the synthesized spinel, distorted 

octahedral (CuO) [20]. 

 

Figure 32 XAS Cu K-edge spectra of CuFe2O4, CuFeAlO4, CuAl2O4 without the reduction treatment. CuO 
and Cu2O as reference. 

 

Figure 32 shows the Cu K-edge XAS spectra of the three spinel catalysts as-synthesized and 

without the reduction treatment. The Cu K-edge XANES spectra of all the studied samples 

are represented by a single intense peak at the absorption edge (1s → 4p transition). 

Comparison of the position of the Cu K-edge and the shape of the references and the 

catalysts suggests that that Cu is present in the catalysts mostly in the Cu2+ state. In fact, the 
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shape of the Cu K-edge XAS spectra significantly depends on the chemical state of copper. 

Copper oxidation leads to a shift of the edge toward higher energies, which indicates the 

presence of a positive charge on the copper atoms. The value of the shift depends on the 

charge state of Cu. The absorption edge in the spectrum of Cu2O, where copper is in the Cu1+ 

state, is shifted toward higher photon energies (~8980 eV); in addition, the spectrum exhibits 

an intense shoulder at 8981 eV [21]. The appearance of a shoulder at the absorption edge is 

attributed to the 1s → 4p transition arising from the transfer of outer-shell electrons to an 

inner-shell vacancy, the so-called “shakedown” electronic transitions [22]. The Cu2+ atoms 

have a partially filled 3d electron shell. The XAS spectra of these compounds are 

characterized by the presence of a low-intensity peak in the pre-edge region of the spectrum 

and a shoulder at the absorption edge. The pre-peak corresponds to the 1s → 3d dipole-

forbidden quadrupole transitions arising from the hybridization of the p and d orbitals of 

copper [23]. 

 

 

Figure 33 XAS Cu K-edge spectra of CuFe2O4, CuFeAlO4, CuAl2O4 without reduction treatment (5% 
H2/Ar, 350 ºC, 1h). Metallic Cu, CuO and Cu2O as reference. 
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To better understand the evolution of catalysts during reaction, Figure 33 shows the Cu K-

edge XAS spectra of catalysts after the reduction treatment (5% H2/Ar, 350 ºC, 1h). As 

showed by the in situ XRD (Chapter 3.3.2) and TPR measurements (Chapter 3.3.3), copper 

tends to migrate from structure to the surface forming nanoparticles. In particular, less 

aluminum is present as iron dopant, more Cu2+ tends to leave the spinel structure. From XAS 

measurements the same results are obtained. From Figure 33 is evident the tendency of 

CuFe2O4 and CuFeAlO4 to have the same energy at the edge position. Completely different 

is the situation for the spinel without the Fe, which behaves like no reduction occurred. 

Comparing the spinels with the reference, is evident to notice the good matching of CuFe2O4 

and CuFeAlO4 to follow the signal of metallic Cu, confirming the reduction of the system.  

To evaluate the entity of the reduction, linear combination fitting (LCF) spectra was 

performed in the range -20 eV < E0 < 30 eV around the absorption edge to quantify the 

fraction of each Cu species present. Reference compounds for each fit usually included Cu 

foil (Cu0), CuO (Cu2+), Cu2O (Cu1+) and the calcined relative spinel. 

 

Table 4 Values from linear combination fit between reduced samples, references and as-synthesized. 

% Cu foil (Cu0) CuO (Cu2+) Cu2O (Cu1+) As-synthesized 

CuFe2O4 0.755 0.034 0.162 0.048 

CuFeAlO4 0.573 0.083 0.274 0.070 

CuAl2O4 0.202 0.038 0.242 0.518 

 

Table 4 shows the values deriving from linear combination fit calculated on reduced samples. 

As-synthesized spinels and references, were used for the fit. Also in this case, more 
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aluminum is inside the spinel and more the reduction process fatigue to extract copper from 

the lattice: in CuFe2O4 almost all the copper is reduced to Cu0 (0.755), instead in CuAl2O4 the 

most present copper after reduction is the Cu inside the spinel structure (0.518). LCF 

calculations evidenced an important process missed from  XRD. The presence of Cu1+ in all 

the samples, from this calculation, is not neglectable and two possible explanations could 

explain the inconsistency of data from XRD and XAS: 

1. XAS measurements was performed ex situ thus, during all the preparation steps from 

the reduction treatments to measurements, part of Cu oxidized to Cu2O. 

2. The Cu2O is not visible at the XRD due to its amorphous nature. 

 

Starting from my experience and taking into consideration the high concentration of Cu1+, 

the more plausible explanation is the presence of the copper (I) oxide as amorphous phase. 

One possible way to totally understand copper path (Cu2+ > Cu1+ >Cu0) and its evolution 

during reaction is in situ and operando measurements. 

 

Fe K-edge 

The Fe K-edge XAS spectrums of the reduced catalyst is similar to the spectrum of Fe3O4, 

where the iron atoms are in the Fe3+ state (Figure 34). The spectrum exhibits a broad pre-

edge peak at 7114 eV and an intense peak at the absorption edge at 7133 eV, which is 

characteristic of Fe3+ cations in an octahedral oxygen environment [24] [25]. 
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Figure 34 XAS Fe K-edge spectra of CuFe2O4 and CuFeAlO4, without the reduction treatment. FeO, Fe3O4 
and FeOOH-Y as references. 

The energy shift of the absorption threshold as a result of the different Fe−O bond lengths 

(the shorter the interatomic distance, the higher the edge energy), which gives a hint on the 

different oxidation state of the Fe ions (Fe2+ and Fe3+) [26].  

 

Figure 35 XAS Fe K-edge spectra of CuFe2O4 and CuFeAlO4, with the reduction treatment (5% H2/Ar, 
350 ºC, 1h). Metallic Fe, FeO, Fe3O4 and FeOOH-Y as references. 
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XAS measurements of reduced samples were performed also for the Fe K-edge, as 

summarized in Figure 35. Fe cations are spread out in the spinel structure occupying 

octahedral and tetrahedral sites (Table 5). When copper leaves the spinel structure, some 

Fe3+ ions in the tetrahedral sites migrate to octahedral positions, changing their oxidation 

state to +2 and hence the partial reduction of the metal observed by XAS [27].  

 

Table 5 Values from linear combination fit between reduced samples, references and as-synthesized. 

% Fe foil (Fe0) FeO (Fe2+) Fe2O3 (Fe3+) FeOOH-Y 
As-

synthesized 

CuFe2O4 0.053 0.422 0.182 0 0.342 

CuFeAlO4 0 0.052 0.274 0 0.349 

 

Also in this case, XAS measurements corroborate the previous analysis. From TPR and in situ  

XRD investigation it was possible to determine the stability, under reducing environment, of 

all spinels below 350 ºC. Unlike Cu, iron cations tends to stay inside the lattice and only at 

higher temperature all the spinels start to decompose following different ways, depending 

on the aluminum quantities. Iron can change its position, from tetrahedral to octahedral, 

during the reducing process. The possibility of iron ions to change oxidation state and 

occupancy inside the lattice could be extremally important in the two different applications 

chosen in this thesis: Solid Oxide Cells and Heterogeneous catalyst.  
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3.3.5 Reverse Water Gas Shift reaction results 

The main reaction studied is the reversible and exothermic water gas shift reaction (WGSR): 

 

CO +  H2O ⇌ CO2 +  H2 

 

In the previous chapters, all the techniques used to characterize the spinels were necessary 

to understand how the system change during reaction. TPR technique allowed to evaluate 

at which temperature and how much of the spinels are reduced by hydrogen. Starting from 

that information the critical and fundamental temperature used to activate the catalysts 

before reaction, was chosen. The catalyst activation, as it will be seen in this chapter, is 

extremally important to activate the spinel extracting Cu from the lattice and boost the 

performance towards reverse water gas shift reaction. With in situ XRD the precise 

crystallographic phase that is present during the catalyst activation, was evaluated. 

Eventually, XAS technique has highlighted the presence of amorphous phase undetectable 

with XRD. To better understand the behavior of spinels under the activation phase, Scanning 

Electron Microscopy (SEM) was used to evaluate the morphology of as-synthesized and 

activated spinels. The activation process was done under 5 % H2/Ar at 350 ºC for 1h. 
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Figure 36 A) SEM image of CuFe2O4 as-synthesized. B) SEM image of CuFe2O4 after reduction (5% H2/Ar, 
350 ºC). C) In situ XRD during reduction (5 % H2/N2): at 270 ºC copper start to migrate from lattice forming 
metallic particles. D) CO yield during RWGS: after 500 ºC performance decrease due to decomposition of 
CuFe2O4 in metallic Cu and metallic Fe. 

 

Figure 36 summarizes the performance of CuFe2O4 and its behavior during activation phase 

and reaction. From SEM images it was possible to evaluate the morphology of the spinel and 

understand two important processes: the activation of the phase and its deactivation at high 

temperature. As showed in the previous chapter, CuFe2O4 starts to reduce under reducing 

environment between 250-350 ºC due to the segregation of metallic Cu. The morphology 

changes drastically and corroborate the XRD data, where massive peaks related to metallic 

Cu and Fe appear above 400 ºC. The increasing temperature and the reaction condition 

contribute to deactivate the spinel due to its instability caused by the complete Fe reduction. 

At temperatures higher than 500-550 ºC, spinel structure is completely lost and the ability of 

catalyzed the RWGS reaction start to decrease, as showed in Figure 36 (D). But if at high 
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temperature the spinel ability to reduce itself is a drawback, at low temperature is the 

opposite. Again, the possibility to extract part of the Cu results to be a strategy to form an in 

situ catalyst able to activate the CO2, increasing the performance at lower temperature. 

Precisely, if CuFe2O4 is activated (5% H2/Ar, 350 ºC, 1h) the overall performance increase and 

the light off temperature decrease of ~60 ºC. The possible explanation may be found in the 

metallic copper already outside the spinel structure, thus able to activate CO2 or in the 

increment of the surface area during the activation process. Indeed, before CuFe2O4 

activation BET analysis reveal a surface area of 5 m2/g and after a modest increment up to 9 

m2/g is observed 

The CuFe2O4 suggests the possibility to exploit its particular behavior. To overcome the high 

temperature problem and try to preserve the activation properties, aluminum doping was 

performed in CuFe2O4, as showed in the previous chapter.  

The first considerable difference of CuFeAlO4 with respect to CuF2O4 concerns the 

dimension of the Cu particles after the activation phase, showed in Figure 17 (B). The spinel 

system without Al is unable to sustain severe reducing environment losing its 

crystallographic structure and forming pure copper and iron in the metallic form. From the 

SEM images, less particles characterized by very high dimension (~200 nm) are observed to 

form. Instead, if the spinel is doped with aluminum, in particular if just half of the iron is 

substitute, the structure is stable and suitable for high temperature application [5]. More 

stable, from a general point of view, means less able to change after receiving an input 

(reducing environment). 
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Figure 37 A) SEM image of CuFeAlO4 as-synthesized. B) SEM image of CuFeAlO4 after reduction (5% 
H2/Ar, 350 ºC). C) In situ XRD during reduction (5 % H2/N2): at 300 ºC copper start to migrate from lattice 
forming metallic particles. D) CO yield during RWGS with (dotted line) and without (normal line) the 
activation phase. 

 

From the morphological point of view (SEM) CuFeAlO4 is more stable than its counterpart 

without Al, and the same activation process produces a different result: instead of losing the 

structure, just a limited part of Cu leaves the lattice forming a field of organized nanoparticles 

(~5-20 nm) on the surface of the remaining spinel. The possibility of creating a new catalyst 

in situ with an active phase, lead to have different behaviors even if the reaction condition is 

the same. In Figure 37 (D) is possible to see how the activation process increase dramatically 

the spinel performance, deceasing of almost 100 ºC the light off temperature and reaching a 

CO2 conversion of 70% at 600 ºC. For the CuFeAlO4, the formation of the in situ catalyst 

during the activation step, increase the surface area, calculated with BET, from 6 m2/g to 22 

m2/g.  
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By combining the previous characterization and RWGS results, It could be possible to 

hypothesize that the Cu1+ presence, highlighted from XAS measurements, may play an 

important role during reaction [28]. It is not just the presence of Cu1+ that activate the CO2 

during the RWGS but, probably, the continuous alternating process that Cu undergo  

(Cu2+  Cu1+  Cu0). Unfortunately, a more confident statement required in situ and 

operando technique.  

Eventually, the performance during reverse water gas shift of all the studied spinel is 

summarized in Figure 38. The aluminum content inside the structure is fundamental from 

the performance point of view. With the total substitution of Fe with Al, the structure is 

completely inert and stack in the as-synthesized form, unable to respond at the stimulus that 

the environment may give (green lines). On the contrary, without Al, the system is at the 

mercy of the outside stimulus and if the environment is unacceptably hard, the spinel 

vanishes leaving only its metallic part (blue lines). Equilibrium is the key word of this work: 

not too much, not too little. With the right amount of Al inside the structure, the spinel may 

reduce itself just in the quantity necessary to resist and respond to the external stimulus, 

staying sufficiently stable to continue its path in the reaction process (red lines).  
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Figure 38 Comparison of CO yield of the studied spinel during RWGS. Cu/Al2O3 as benchmark. 

Dotted line: spinel activated (5% H2/Ar, 350 ºC, 1h). Normal line: spinel as-synthesized. 

3.4 Conclusion 

CuFe2O4, CuFeAlO4 and CuAl2O4 spinel materials were proposed as active and stable 

catalysts for the catalytic hydrogenation of CO2 to CO, also known as the Reverse Water Gas 

Shift (RWGS) reaction. In this chapter, the activity of spinel oxides as catalysts for this 

reaction was investigated by comparing the effect of the aluminum content between the 

three spinels. CuFeAlO4 outperformed all other spinels studied in the range of temperatures 

(100 ºC–600 ºC). Further investigation of the catalysts with in situ XRD showed that 

CuFeAlO4 spinel is the most balanced under reducing environment: enough to allow the Cu 

extraction without losing its structural integrity. Furthermore, XAS measurements of as-

synthesized and activated spinel showed the presence of Cu1+ as amorphous phase, a good 

candidate as promoter for the CO2 activation during RWGS. In all the cases, the activation 

process reveled the increasing of the performance due to the Cu extraction from the lattice. 

The key factor is the presence (CuFeAlO4 – CuAl2O4) or not (CuFe2O4) of aluminum and its 

quantity. Indeed, the initial synthesis of the catalyst is crucial to provide the desired 
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properties. In spite of this, it is only the combination of synthesis and reaction process that is 

possible to achieve what is wanted.  
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Chapter 4 
 

“Without struggle, no progress and no result.  

Every breaking of habit produces a change in the machine.” 

G.I. Gurdjieff 

 

 

 

 

 

 

 

 

 



 120 

 

  



 121 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 122 

4.1 Introduction 

Three-way catalysts (TWCs) are exploited to control the emissions of gasoline vehicles [1]. 

Their engines are operated efficiently at stoichiometry, i.e. close to an air-to-fuel ratio equal 

to 14.6, commonly referred to as  =1 [2]. The development of new formulations is an 

important step for automotive industry and development of new TWC technology has been 

critical in the past few years due to the newer stringent regulations [3]. Indeed, the 

development of more efficient catalysts depends on a complete understanding of the various 

parameters related to three-way catalyst design and formulation [4]. Normally, gasoline 

engine exhaust composition can vary based on the engine and driving conditions, but typical 

values of the exhaust gases are 0.5 vol% CO, 3500 ppm HCs, 900 ppm NOx, 0.17 vol% H2, 10 

vol% H2O, 10 vol% CO2, 0.5 vol% O2, and the balance N2 [5].  

Satisfactory control of the previous emission can be achieved with a TWC via the 

simultaneous oxidation of carbon monoxide and hydrocarbons to carbon dioxide and water, 

and the reduction of nitrogen oxides to nitrogen gas.  

 

 

2 CO +  O2 → 2 CO2 

CxHy +  O2 →  CO2 + H2O 

2 NO → O2 +  N2 

 

Next generation TWCs must include low amounts of expensive platinum group metals (PGM) 

while maintaining their high efficiency. Among other transition metals [6] [7] copper is 

considered a potential candidate to replace PGM in gasoline emission control technologies. 
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A recent study [8] at the Cu and K-edges demonstrated that Cu supported on CeO2 possesses 

remarkable TWC properties with respect to the demanding NO reduction reaction. The NO 

reduction activity of CuO/CeO2 increased significantly under oscillating feed condition 

relative to a static feed composition between 200 and 400 ºC that was attributed to the 

formation of oxygen vacancies and of reduced Cu species at the CuO–CeO2 interface. Some 

other authors demonstrated the potential of Cu-decorated perovskite-type oxides [9]. The 

copper deposition forming Cu/LaCoO3 enhances the low temperature activity if care is taken 

to obtain high dispersion of the Cu nanoparticles [10] [11]. Previous work [12] [9] showed that 

CuO/La0.5Sr0.5CoO3 is the most active catalyst of the La1-xSrxCoO3 series. Unfortunately, the 

presence of cobalt decreases the industrial opportunities of this particular perovskite: in 

particular the high price due to low abundance [13] and safety problem for its environmental 

and human health dangerousness [14] [15] play a relevant role. 

In this chapter, the catalytic performances are analyzed for a series of Iron-containing 

polycationic oxides. This particular transition metal was chosen as valid substitute of Co due 

to its abundance and remarkable catalytic performance in TWC application [16] [17]. Both 

composition and crystalline structure are expected to affect the catalytic activity and 

selectivity of oxides. The use of polycationic oxides allow to tune the reactivity and thus the 

chemical behavior whereas structure has effect on the ion mobility. Two main types of 

polycationic oxides are compared in this chapter: traditional perovskites and spinels. In both 

cases different compositions are considered to evaluate the role of cations on catalytic 

activity; moreover, both oxides have been considered as a support for copper decoration to 

investigate the role of support.  

The conditions used to study the Fe-perovskite were chosen following the idea proposed in 

a previous publication [12] of the two research groups lead by Prof. Glisenti (UNIPD) and Dr. 
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Ferri (PSI). The fundamental principle, which is concise in the initial quote, is to use 

alternating redox pulses to “over” stimulate the catalyst and pump its activity toward TWC 

reactions. Eventually, the pulsing conditions were compared to static operations trying to 

understand if the alternating redox environment is needed to activate the surface of the 

catalyst. 

 

4.2 Experimental 

4.2.1 Synthesis 

Perovskite-type mixed oxide of composition LaFeO3 and spinel-type polycationic oxide 

CuFeAlO4 were synthesized via the citrate-gel method [18] [19] described in chapter 2.1. 

Final calcination was conducted, for both systems, at 800°C for 6 h to obtain the desired 

crystal phase. To add the reducing functionalization, CuO was deposited to the perovskite-

type oxide via wet impregnation. 10 wt% of final Cu were loaded forming CuO/LaFeO3 and 

followed by a calcination at 450 ºC for 2 h. As benchmark, -Al2O3 were loaded with Cu by 

wet impregnation (chapter 2.1) with an aqueous solution of Cu(NO3)2·6H2O to produce 10 

wt% Cu/Al2O3. The composite material was dried overnight and calcined at 450 ºC for 2 h. 

Prior to experiments all the samples were ground to a fine powder in an agate mortar and 

eventually sieved with fraction of 100-150 m. 
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4.2.2 Catalytic activity tests 

The activity of the powder catalysts toward TWC reaction was evaluated with a system 

considerably comparable with the one showed in the Chapter 2, Figure 2. The gas flow after 

reaction was analyzed with a InProcess Instruments GAM 400 mass spectrometer and with a 

FT-IR Brucker Alpha II equipped with a 7 cm gas cell with a ZnSe window. The gas cell is 

heated to 150 ºC during measurement. Spectra were recorded from 3000 to 300 cm−1 at a 

resolution of 4 cm−1 and scanner velocity of 0.33 Hz. The sample and background spectra 

resulted from averaging 30 and 20 scans, respectively. Fragments with m/z ratios of 2 (H2), 4 

(He), 18 (H2O), 28 (N2/CO), 30 (NO), 32 (O2), and 44 (CO2, N2O) were followed. The 

exothermic effect of the reaction was minimized by diluting the catalyst (50 mg, 150−200 μm 

sieve fraction with cordierite 150 mg, 100−150 μm). Feed conditions were controlled by two 

solenoid on/off valves (Series 9, Parker; opening time <5 ms) placed in front of the reactor. 

The conditions followed the idea proposed in a previous publication [12]. Under rich 

conditions the feed composition was 0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8 balanced 

with He. When 0.7 vol% O2 was added, the feed composition was only slightly lean. 

Experiments under constant feed were performed with 0.7 vol% CO, 0.15 vol% NO, 0.16 vol% 

C3H8, 1 vol% O2, balanced with He. Rich or lean feed conditions were maintained for 20 s 

each. The long pulse time and the predominantly rich reaction conditions relative to realistic 

operation are suitable from an experimental viewpoint to study the catalytic and reducing 

response. The large difference in oxygen concentration, much larger than expected for 

operation in real, was selected to enhance the chemical response. Samples temperatures 

were monitored continuously using a K-type thermocouple inserted parallelly in the inlet of 
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the catalyst bed and controlled by a house made software. Before performing catalytic 

experiments, the samples were treated in 5 vol% O2/He (50 sccm) at 400 ºC for 30 min.  
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4.3 Results and discussion 

4.3.1 Cu/Al2O3 

The first sample tested was the composite materials Cu/Al2O3. The chosen alumina was the 

-Al2O3 to have a specific surface area of the same order of magnitude in the reference and 

In the samples. In fact, spinel and perovskite synthesized and described in this chapter do not 

exceed the ~15 m2/g. Alumina is widely used as support for active catalyst [20] [5] thanks to 

its affordability and cheapness. Nonetheless, this support is manly used due to its intrinsic 

stability and to be inert in a wide range of temperatures and environments.  

The load of copper deposited over alumina was chosen to be 10% in weight, as for the 

nanocomposite catalysts. This amount can be considered a good compromise in terms of 

chemical and physical stability of the metal nanoparticles and the overall surface occupancy. 

 

 

Figure 39 MS signal of 2 (H2), 18 (H2O); 30 (NO), 32 (O2), and 44 (CO2) gases during TWC static 
condition over Cu/Al2O3. 
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In Figure 39 the results of the evolution of all TWC gases over Cu/Al2O3 from 100 ºC to 450 

ºC. The properties of this catalyst permit the abatement of only CO without converting the 

more challenging NO. The presence of water is an indicator of the reduction of CuO to 

metallic Cu. The behavior is the same even if the system is propelled with the switching 

valves (Figure 40). The gases concentration, as described in the Introduction, were chosen to 

have a  between 0 and 0.9. NO is not catalyzed by the only presence of metallic Cu, nor by 

the possible Cu redox path that is created by the pulses (Cu2+  Cu1+  Cu0). In fact, the idea 

to use pulses is to push the system to change surface chemistry and create active site for the 

reaction.  

It is noteworthy that he tests over Cu/Al2O3 are fundamental to understand the need of an 

active support for TWC application. The metallic Cu by itself cannot behave as the active 

phase for the NO reduction: the interaction between copper particles, the capability of this 

cation  to proceed into a redox path [11] and the interaction with the support are expected to 

play a major role 

 

Figure 40 MS signal of 2 (H2), 18 (H2O); 30 (NO), 32 (O2), and 44 (CO2) gases during TWC pulsing 
condition over Cu/Al2O3. 
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4.3.2 CuFeAlO4 

In Chapter 3 of this thesis, it was Illustrated that the most stable spinel with the highest 

performance towards WGSR was the system CuFeAlO4. The idea was to create an in situ 

catalyst starting from a simple but versatile system, as the spinel is. The already described 

results showed that the presence of aluminium inside the structure contribute in strengthens 

the spinel when is immersed in reactive environment, such as for the WGSR. Because of this 

reason, only the spinel system CuFeAlO4 was tested as catalyst toward TWC reaction.  

The first test conducted, analogous to Cu/Al2O3, was under static condition with the 

following gases concentration: 0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8, 1 vol% O2. As 

expected, and not reported here, the system did not show any activity concerning NO 

reduction. As stated in Chapter 3.3.2, the Cu extraction from the lattice must be done in a 

reducing environment and the used feed in slightly oxidizing.  

The second and third test were accomplished using the pulses trying to answer at the 

question that is at the foundations of this chapter: are pulses conditions useful to activate 

the catalyst in TWC application? The answer is, in this case: "almost”. 
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Figure 41 MS signal of 2 (H2), 18 (H2O); 30 (NO), 32 (O2), and 44 (CO2) gases during TWC pulsing 
condition over CuFeAlO4. A) Test conducted without pre-reduction. B) Test conducted with pre-

reduction at 300 ºC, 1h, 5% H2. 

 

In the previous Chapter it was demonstrated that if the spinel system is activated before 

reaction, it performs significantly better than without the activation as a consequence of the 

presence of Cu nanoparticles decorating the spinel surface. Figure 41 show the comparison 

between the performance of the system CuFeAlO4 in the two different conditions, no-

activated (A) and activated (B):  

A. Reducing pulse:0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8. 

Oxidizing pulse: 0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8, 0.7 vol% O2 
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In this test, the spinel was not pre-reduced. From water signal, (dark blue, A), is 

possible to understand that a slight reduction of the system is occurred but not 

enough to start the NO reduction. Oxygen is consumed to oxidize CO to CO2 reaching 

the 80% of yield.  

B. Reducing pulse:0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8. 

Oxidizing pulse: 0.7 vol% CO, 0.15 vol% NO, 0.16 vol% C3H8, 0.7 vol% O2 

Thanks to the activation, that consisted in 5% H2 up to 300 ºC dwell 1h, the simple 

and cheap CuFeAlO4 can perform the abatement of NO. At 450 ºC the NO conversion 

reached the 35%, sign that a lot of work needs to be done but huge and immense 

perspectives are around the corner for this system! 

 

4.3.3 Cu/LaFeO3 

Last studied system for TWC application is the composite materials Cu/LaFeO3. Perovskite 

system are considered among the most promising materials for the substitution of noble 

metals as catalyst during TWC reaction and can be considered as an Interesting benchmark 

for fully understanding also the spinel based ones [21] [22]. The ability of perovkites to easily 

oxidize CO to CO2 is known but it is not joined to a good performance in NO reduction. For 

fill this lacking competence, metal nanoparticles are deposited on the surface and as 

mentioned before, the synergy between metals and support may increase the conversion 

capability. To verify this hypothesis, both system LaFeO3 and Cu/LaFeO3 were tested during 

TWC activity. In any case, as first test the system Cu/LaFeO3 was tested during static 

condition and the results is showed in Figure 42. 
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Figure 42 MS signal of 2 (H2), 18 (H2O); 30 (NO), 32 (O2), and 44 (CO2) gases during TWC static 
condition over Cu/LaFeO3. 

   

In the same way as all the other systems tested in this Chapter, Cu/LaFeO3 during static 

condition did not show any attractiveness to the NO abatement. On the contrary and as 

expected, the oxidizing ability of the perovskite support is confirmed by the highly presence 

of CO2 in the analyzed gases by the mass spectrometer. The presence of water, instead, 

could be assign to the reduction of the copper oxide to metallic copper and, probably, to the 

water gas shift reaction that may occurred in this kind of application. 

Eventually, the system Cu/LaFeO3 was tested in pulsing condition confirming the hypothesis 

that opened this chapter: are pulses conditions useful to activate the catalyst in TWC 

application? The answer is yes and with the performance increase of almost the 100%! In 

Figure 43 is possible to evaluate the ability of all the active systems toward NO abatement, 

studied in this thesis.   
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Figure 43 Left) NO conversion during pulsing reaction of Cu/LaFeO3 - LaFeO3 - CuFeAlO4. The presence 
of Cu nanoparticles are fundamental to reach a reasonable TWC activity. Right) MS signal of 2 (H2), 18 
(H2O); 30 (NO), 32 (O2), and 44 (CO2) gases during TWC pulsing condition. 

 

The best performance was achieved by the composite materials Cu/LaFeO3 reaching almost 

the 100% of NO conversion at 450 ºC. The 50% of NO conversion was reached at 350 ºC, 

decreasing of almost 100 ºC and having the same performance of the perovskite without 

copper. This result is the proof of two important statements: 

1. First of all, pulses conditions are mandatory to activate the catalyst. Continuous and 

repeated environmental changing cause a modification of the catalyst surface that 

led to activate the perovskite and the copper nanoparticles.  

2. Secondly, the interaction between Cu and perovskite during pulses is the key and 

their synergy may help the activation of the tough NO. A possible explanation, 

supported by in situ XRD and operando data from a previous communication [12], is 

the copper ability to change easily through its oxidation state Cu2+  Cu1+  Cu0. Is 
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still not clear if is just the ability of fluctuation or, maybe, the presence of the unstable 

Cu1+. 

At the end, the NO was totally converted to N2? Not totally, unfortunately. For answering 

this question, the pulsed reaction on Cu/LaFeO3 was followed with a FT-IR, more sensible 

than MS to detect nitrogen compound as N2O and NH3. 

 

 

Figure 44 FT-IR signal of the exhaust gases during pulsed reaction on Cu/LaFeO3. At high temperature, 
due to the relatively reducing environment, ammonia is formed from the NO abatement. 

 

In Figure 44 are shown the most significant wavenumber regions (for FT-IR signal), capable 

of detecting the presence of N2O and NH3. The relevant result from this data is the formation 

of ammonia only at high temperature, while in the range of 300- 350 ºC the presence of N2O 

is observed. A possible explanation for the NH3 formation is the highly reducing environment 

that the system Cu/LaFeO3 is immersed in. The oxygen pumped during the pulses was not 

enough for the NO reduction path [23] and, probably, instantly consumed by the perovskite 

for the CO oxidation or to restore its structure. 
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4.4 Conclusion 

Different crystallographic structures containing Fe and Cu, inside or supported on the 

surface, were proposed as active catalyst towards Three Way Catalyst reaction. The 

foundation and the question that drove this research was the following: "are pulses conditions 

useful to activate the catalyst in TWC application?" The answer is yes, but some precaution 

must be taken in account. Spinel system CuFeAlO4, for its nature and composition, showed 

a remarkable ability towards the NO abatements only during pulses condition. During static 

condition, only CO was oxidized to CO2. Different behavior was point out from the 

perovskitic system LaFeO3: in the scenario where only, the perovskite was used as catalyst, 

poor TWC performances were achieved, especially versus the NO. If the system is enriched 

with copper nanoparticles, thanks to its ability to change easily through Cu2+  Cu1+  Cu0, 

TWC performance is boosted reaching almost the 100 % of NO conversion at 450 ºC. 

Unfortunately, FT-IR measurements showed the presence of ammonia in the exhaust gases, 

probably caused by the slightly reducing condition used (0<  < 0.9).  
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Chapter 5 

 

“If the first button of one's coat is wrongly buttoned, all the rest will be crooked." 

Giordano Bruno 
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5.1 Introduction 

To characterize the electrochemical performances of a Solid Oxide Cell (SOC), one of the 

most utilized techniques is the Electrochemical Impedance Spectroscopy (EIS). Through this 

method it is possible to obtain lot of useful information over the behavior of the electrodic 

material of the cell [1] [2]. However, the technique is influenced by the manufacturing 

process of the cell. The EIS is also sensitive towards the configuration of the device under 

analysis [3]. Therefore, it is crucial to pay particular attention to the building process of the 

experimental cell, minimizing possible systematic errors that could arise in the data 

originating from a defective sample.  

Before analyzing the electrochemical behavior of the samples, it is necessary to understand 

how EIS works starting from some basic concepts. 

The electrochemical resistance is the ability of a circuit to resist the flow of electrical current. 

It is defined by the Ohm’s law as the ratio between a voltage E and a current I: 

 

R ≡
E

I
 

 

The previous equation is limited to ideal resistors, defined by several simplifying properties 

that deviate from the real counterpart: 

 

I. It follows Ohm’s law regardless current and voltage levels. 

II. It does not depend on the frequency. 

III. Voltage and AC current signals are in phase with each other through a resistor. 
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Where these restraints are not verified it is possible to consider a more general circuit 

parameter. Here the impedance plays a crucial role because it can be defined the same way 

as the electrical resistance but no more limited by the restraints that limits the ideal resistors. 

The Electrochemical Impedance can be measured by applying an AC potential to a cell and 

then measuring the current passing through it. Generally, it is assumed that the potential 

excitation is sinusoidal, therefore the response is an AC current signal. The excitation signal 

is normally small; hence it is possible to consider the response of the cell as pseudo-linear, 

that allows to consider the current as a sinusoid at the same frequency of the sinusoidal 

potential but shifted in phase (following figure).  

 

 

 

 

 

 

It is possible to express the excitation signal as a function of time: 

 

Et = E0 sin(ωt) 
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Et is the potential at the time t, E0 the amplitude of the signal and the radial frequency ω 

[radians/s], which depends on the frequency [Hz]: 

 

ω = 2πf 

 

In a linear system the response signal It can be expressed as: 

 

It = I0sin (ωt + ϕ) 

 

Being I0 it’s amplitude and ϕ the shift in phase. The ratio of the excitation signal and the 

response signal, in analogy to the Ohm's law, allow to obtain the impedance Z of a system: 

 

Z =
Et

It
=

E0 sin(ωt)

I0 sin(ωt + ϕ)
= Z0

sin(ωt)

sin(ωt + ϕ)
 

 

where Z0 represents the magnitude and ϕ the phase shift. 

Plotting the sinusoidal applied signal against the sinusoidal response signal it is possible to 

obtain what is commonly known as the ‘Lissajous Figure’ shown in the following figure which 

is an oval and its analysis on the oscilloscope screen has been the accepted method to 

calculate the impedance prior to modern EIS instrumentation. 
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Taking into consideration the Euler's relationship: 

 

exp(jϕ) = cos ϕ + sin ϕ 

 

It is possible to express the impedance as a complex function, whom potential and current 

response can be described as: 

 

Et = E0 exp(jωt) 

It = I0 exp(jωt‐ϕ) 

 

The impedance is then a complex number, given by: 

 

Z(ω) = Z0 exp(jϕ) = Z0(cos ϕ + j sin ϕ)  
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Looking at the equation it is possible to see how the impedance is composed of a real and an 

imaginary part. Plotting the real part against the imaginary part it is possible to obtain what 

is known as a Nyquist Plot: each point of the plot represents the impedance at one specific 

frequency; in particular, data obtained at lower frequency are on the right while data 

obtained at high frequencies are on the left. The following figure shows the typical shape of 

a Nyquist plot. 

 

 

 

However, from this single plot the frequencies are not obvious and small impedances can be 

swamped by larger ones. Therefore, another plot, namely the Bode plot is commonly used 

as a data presentation method. Here the impedance is plotted with log frequency on the X-

axis and both the absolute value of the impedance |Z|= Z0 and the phase-shift on the Y-axis. 

This method allows to resolve the individual charge transfer processes with explicit 

frequencies; moreover, small impedances can be easily identified even in presence of large 

impedances (following image). 
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5.2 Experimental 

EIS results have been obtained through PGSTAT 302 Autolab Frequency Response Analyzer: 

the tests have been carried out in steady state conditions, i.e., with no DC current in the 

frequency range of 10-2-106 Hz with a signal amplitude of 20 mV. 

EIS has been used to investigate the electrochemical behavior of the fuel electrode in 

different operating conditions; in particular parameters such as temperature and fuel will be 

changed. The fuels that have been used are CO and H2, which is necessary for the comparison 

with literature.  

5.2.1 Modelling and calculations 

All EIS data have been fitted and analyzed through the ZView 4 software [4]. Data fitting 

allows to identify the different mechanisms and to quantify its resistances through the help 

of equivalent circuits. Different circuits have been utilized to fit different EIS data. The first 

step it has been to identify the number of processes looking both at the Nyquist and Bode 
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plots. Once identified the circuit has been made using a resistor (that simulates the ohmic 

resistance of the cell) connected in series with R-CPE subcircuits.  

 

The number of R-CPE is the number of the processes seen in the plots. It has been decided 

to use the CPE (i.e., Constant Phase Element) instead of a normal capacitor since capacitors 

in EIS experiments often do not behave ideally. 

By using the equivalent circuit, it is possible to fit each data set to obtain resistance values 

for each electrochemical process that occur during the EIS analysis. Hence, it is possible to 

calculate the total resistance of the processes. These values need to be refined as area 

specific resistance (ASR) to be compared with the data available in the literature [5] [6]: 

 

ASR = R*
Aelectrode

2
 

 

Where Aelectrode represents the area of the circular electrode calculated though the radius of 

the electrode (0.6 mm); the factor ½ depends by the fact that utilizing symmetrical cell the 

contribute to the resistances comes from both of electrodes, therefore dividing by two the 

ASR value refers to just one electrode (Chapter 2).. 

Moreover, the fitting also allowed to calculate the capacitance for each process. Using Ri to 

indicate the resistance relative to the i-th process and using CPETi and CPEPi when referring 

to the Constant Phase Element (these are two fitting parameters), it is possible to calculate 

the capacitance for each process through: 
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Ci = (Ri + CPETi)
CPEPi   

By knowing the capacitance value, it is possible to correlate the process to the phenomenon 

responsible for it, using data available in literature. A qualitative interpretation can be 

obtained by using Table 6. 

 

Table 6 Capacitance values correlated to physical phenomena during SOC application. 

Capacitance (F) Phenomenon Responsible 

10‐12 Bulk 

10‐11 Minor, Second phase 

10‐11‐10‐8 Grain-boundary 

10‐10‐10‐9 Bulk ferroelectric 

10‐9‐10‐7 Surface layer 

10‐7‐10‐5 Sample-electrode interface 

10‐4 Electrochemical reaction 

 

One more data can be derived using the EIS: the activation energy associated with the overall 

fuel-electrode processes.  

Starting from the conductivity (σ) equation as a function of the temperature, knowing that 

ASR =  1/σ , it is possible to obtain a linear equation: 

 

ln(ASR) =
Ea

kBT
‐ ln(k0) 
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Using T as the temperature expressed in Kelvin, Ea as the activation energy and kB as the 

Boltzmann constant. By plotting ln(ASR) as a function of 1000/T it is possible to obtain an 

Arrhenius Plot that gives the activation energy of the involved processes by using the slope 

of the fitting line as follows:  

 

Ea = m*R*0.010341 

 

Where R is the product of the Avogadro Number and the Boltzmann constant and the 

numeric factor is used to convert the obtained value in eV, which is the notation utilized in 

the literature. 

5.2.2 Cell manufacturing 

In the current thesis the button cell design was chosen due to its simplicity. Between the 

possible configurations, electrolyte-supported was realized to increment the reproducibility 

of the test. The main purpose of this work is, in fact, studying the property of the synthesized 

catalyst as fuel electrode in a solid oxide cell. To obtain the green pellet 2.5g of yttria 

stabilized zirconia (8-YSZ) [7] powder was compressed utilizing a pressure of 4.5 tons for 5 

minutes; eventually the pellet was treated thermically at 1500°C for 6 hours with a ramp of 

5°C/min until 1100° followed by a ramp of 3°C/min up to the final temperature. The 

manufactured electrolytes possessed dimensions of 20 mm diameter and 1 mm thickness. 

To prepare the ink, catalyst powder and 3% wt carbon soot was mixed in a mortar, followed 

by the addition of two -terpineol based polymers. The ink was deposited via tape casting 

utilizing a 12 mm diameter mask. This method allowed to obtain electrode thicknesses of 30 

μm [8]. Once the electrodes were deposited, a further heat treatment was carried out to 
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optimize the adhesion: 1100°C for 2h in air with a 3°C/min ramp. A gold paste made of a 

commercial compound of gold and an organic binder has then been deposited by tape 

casting on the electrodes as current collector. 

5.3 Results and discussion 

5.3.1 CuFe2O4/YSZ – H2 

In this and the following sections the behavior of CuFe2O4 and CuFeAlO4 spinels system will 

be inspected and discussed when implied as fuel electrode in SOC application. In this 

paragraph, will be discussed the results obtained using a symmetrical cell with CuFe2O4 as 

the electrode material and YSZ adopted as the electrolyte material. Hydrogen has been used 

as the fuel, at a concentration of 10% wet in Ar with a flux of 100 sccm. Different 

temperatures have been taken into analysis: 600, 650, 700, 750 and 800 °C.  
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Figure 45: Nyquist plot obtained with CuFe2O4/YSZ/CuFe2O4, using as fuel 10%H2/Ar wet 100 sccm. 

 

In Figure 45 are presented the impedance spectra obtained for CuFe2O4/YSZ/CuFe2O4. To 

analyze these spectra, made of two processes that are mostly distinguishable at lower 

temperatures, the model circuit that has been implied, consisted of a resistance in series with 

two R-CPE elements, as briefly discussed in the previous section. The intercept of the curve 

at high frequency with the X-axis gives the value of the Ohmic resistance, i.e., the resistance 

of the electrolyte. The intercept of the curve at low-frequency with the X-axis gives instead 

the total resistance, which includes the cell’s Ohmic resistance, the concentration 

polarization resistance (due to mass-transfer or gas-diffusion) and the effective interfacial 

polarization resistance between the electrode and the electrolyte. 
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The total Area Specific Resistance (ASR) has been calculated for each temperature giving the 

following results. The ASR drastically reduces with the increment of temperature, suggesting 

the presence of one, or more, temperature dependent processes.  

 

Temperature (°C) 600 650 700 750 800 

ASR (Ωcm2) 

10% wet H2/Ar 
64.44 29.85 16.13 6.85 3.93 

 

To confront the processes, a Bode plot was utilized as displayed in Figure 46. It is possible to 

observe that while the higher-frequency process is located at the same order of magnitude 

for all the temperatures analyzed, the one located at lower frequencies significantly change 

its value. This indicate that this process could be associated to a reaction influenced by 

kinetically activated parameters, hence temperature dependent, supporting the previous 

assumptions [9] [10].  

It is then possible to associate the first process (lower frequencies) to a gas diffusion reaction, 

while the second process could be linked to an electrochemical reaction, more specifically a 

charge-transfer reaction or a resistance at the interface anode-electrolyte. 
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Figure 46: Bode plot obtained for CuFe2O4/YSZ/CuFe2O4, using as fuel 10% H2/Ar wet 100 sccm. 

 

An Arrhenius plot has been performed (Figure 47) and the activation energy for all the 

processes was of 1.14 eV. The obtained activation energy values are consistent with how 

reported in literature for solid oxide cells [11]. 

 

Figure 47: Arrhenius plot obtained for CuFe2O4/YSZ/CuFe2O4, using as fuel 10% H2/Ar wet 100 sccm. 
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5.3.2 CuFe2O4/YSZ - H2 + CO 

In this paragraph, will be discussed the results obtained using a symmetrical cell with 

CuFe2O4 as the electrode material and YSZ as the electrolyte material.  

Here, Hydrogen and carbon monoxide (CO) have been used as fuels, both at a concentration 

of 10% in Ar in a wet flux of 100 sccm.  

The same temperatures of the previous paragraph have been considered: 600, 650, 700, 750 

and 800 °C. 

 

 

Figure 48: Nyquist plot obtained with CuFe2O4/YSZ/CuFe2O4, using as fuel a flow of 10% H2 10% CO/Ar 
wet 100 sccm. 

 

In Figure 45Figure 48 are presented the impedance spectra obtained for 

CuFe2O4/YSZ/CuFe2O4. Following the procedure used in the previous paragraph, a model 

circuit made of a resistance in series with two R-CPE element was used, to fit and analyze the 
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impedance spectra. As a result, the total Area Specific Resistance (ASR) has been calculated 

for each temperature giving the following results. 

 

Temperature (°C) 600 650 700 750 800 

ASR (Ωcm2) 

10% H2 10% CO wet/Ar 
38.34 20.27 9.97 4.35 2.74 

 

As previously seen for the system CuFe2O4 analyzed with the only hydrogen, also here the 

temperature plays a crucial role in the resistance of the material towards the electrochemical 

reactions that take place in the cell. Even in this case, in fact, the total ASR value strongly 

depends on the temperature, giving the best results at the highest temperature analyzed. 

The reason for this behavior could once again be given by the presence of thermally activated 

processes.  

A Bode plot has been performed to fully characterize the sample and its processes (Figure 

49). The results are similar to the ones already discussed for CuFe2O4 with only H2: 

 

• At higher frequencies there is the presence of an electrochemical reaction linked with 

a charge-transfer process [12]. It is also possible to observe that this reaction is 

temperature dependent due to its shift towards lower frequencies with rising 

temperatures [13], 

• At lower frequencies there is the presence of a possibly gas diffusion reaction, 

strongly influenced by temperature. Looking at the Nyquist plot it is possible to 

observe that its ASR is almost negligible at temperatures higher that 700°C (as 

displayed in the zoomed part of the image). 
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Figure 49: Bode plot obtained for CuFe2O4/YSZ/CuFe2O4, using as fuel a flow of 10% H2 10% CO/Ar wet 
100 sccm. 

 

Lastly, the Arrhenius plot has been used to calculate the activation energy for all the 

processes giving a value of 1.10 eV. 

 

Figure 50: Arrhenius plot obtained for CuFe2O4/YSZ/CuFe2O4, using as fuel a flow of 10% H2 10% CO/Ar 
wet 100 sccm. 
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5.3.3 CuFeAlO4/YSZ – H2 

In this paragraph, will be discussed the results obtained using a symmetrical cell with 

CuFeAlO4 as the electrode material and YSZ as the electrolyte material.  

Hydrogen has been used as fuel at a concentration of 10% in Ar in a wet flux of 100 sccm.  

The same temperatures of the previous paragraphs have been taken into analysis: 600, 650, 

700, 750 and 800 °C. 

 

 

Figure 51: Nyquist plot of CuFeAlO4/YSZ/CuFeAlO4, using 10% H2/Ar 100 sccm as fuel in a wet flow. 

 

In Figure 51 are presented the Nyquist plots obtained at the different temperatures of 

analysis. Here the image can be a little misleading: even if at higher temperature seems like 

there is only one process, the plot at lower temperature shows that there actually are two 

processes, with a very small one located at high frequencies (for a better understanding of 
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the presence of this process it is possible to look at the Bode plot, Figure 52). Therefore, the 

model circuit was made of a resistance in series with two R-CPE elements, as seen before. 

The total Area Specific Resistance (ASR) has been calculated for each temperature giving the 

following results. 

 

Temperature (°C) 600 650 700 750 800 

ASR (Ωcm2) 

10% H2 wet/Ar 
11.34 5.92 3.41 2.25 1.69 

 

Even in this case there is the presence of thermally activated processes, giving the best 

overall performances at the highest temperature of 800°C.  

Using a Bode plot it is possible to better identify the processes that take place in the cell.  

The same considerations done in the previous two paragraphs can be applied here; there are, 

in fact, two processes: 

 

• The first one, located at lower frequencies is noticeable at lower temperatures but 

almost negligible at 700°C and more (if the Nyquist plot is taken into account). It is 

therefore thermally activated, and it is possible to link it with a gas diffusion reaction. 

• The second one, located at high frequencies, is possibly related to a charge-transfer 

process. Judging from the Nyquist plot, it is the more significant for the 

electrochemical performances of the material and it is temperature dependent. 
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Figure 52: Bode plot of CuFeAlO4/YSZ/CuFeAlO4, using 10% H2/Ar 100 sccm as fuel in a wet flow. 

 

From the data obtained from the Nyquist and the Bode plots it is possible to suppose that, 

under 650°C, the limiting factor is linked with the diffusion of the reactant gases into the 

active sites of the electrode material, while, over that temperature, the bottle neck of the 

performances is given by the charge transfer reaction that takes place in the electrode. 

To find the activation energy for all the processes we used the Arrhenius plot. The obtained 

value was of 0.77 eV. 
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Figure 53: Arrhenius plot of CuFeAlO4/YSZ/CuFeAlO4, using 10% H2/Ar 100 sccm as fuel in a wet flow. 

 

 

5.3.4 CuFeAlO4/YSZ – H2 + CO 

The results obtained using a symmetrical cell with CuFeAlO4 as the electrode material and 

YSZ as the electrolyte material with Hydrogen and carbon monoxide (CO) as fuels (both at a 

concentration of 10% in Ar in a wet flux of 100 sccm) will be discussed in this paragraph.  

Different temperatures have been taken into account to compare the following results with 

the previous ones: 600, 650, 700, 750 and 800 °C. 
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Figure 54: Nyquist plot of CuFeAlO4/YSZ/CuFeAlO4, using as fuel a flow of 10% H2 10% CO/Ar wet 100 
sccm. 

 

As done for the other materials a symmetrical cell was built using CuFeAlO4 at both the 

electrodes giving the following cell structure:  CuFeAlO4/YSZ/CuFeAlO4. Then EIS analysis 

were performed leading to the Nyquist plots presented in Figure 54. To analyze them, a 

model circuit made of a resistance in series was made, with two R-CPE elements, as in all the 

previous cases. Nevertheless, in this instance, however, the two different processes are easily 

distinguishable: at lower frequencies (right side of the Nyquist plot) there is a big process that 

decreases its area with increasing temperatures while at higher frequencies there is a 

presence of a small process, possibly linked with charge-transfer reactions.  

The total Area Specific Resistance (ASR) has been calculated for each temperature giving the 

following results. 
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Temperature (°C) 600 650 700 750 800 

ASR (Ωcm2) 

10% H2 10% CO wet/Ar 
6.59 3.83 2.37 1.70 1.31 

 

 

As seen previously there is the presence of thermally activated processes, giving better 

performances as the temperature rise. Looking at the Bode plot it is possible to identify those 

processes: 

• At low frequency there is a process that grows in phase magnitude as the 

temperature rise, keeping constant its center. It can be linked with a gas diffusion 

reaction and, judging from the Nyquist plot, can be limiting factor to the 

performances of the cell, 

• At higher frequencies there is the presence of a process possibly linked with a 

charge-transfer process or a resistance at the interface anode-electrolyte. Increasing 

the temperature its ASR value almost gets negligible. Therefore, despite being 

temperature dependent, in the range under analysis (600-800 °C) it is safe to assume 

that it does not hinder the performances of the cell, even at low temperatures. 
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Figure 55: Bode plot of CuFeAlO4/LSGM/CuFeAlO4, using as fuel a flow of 10% H2 10% CO/Ar wet 100 
sccm. 

 

Lastly, the obtained value of the activation energy for all the processes, calculated through 

the Arrhenius plot was of 0.66 eV. 

 

 

 

Figure 56: Arrhenius plot of CuFeAlO4/YSZ/CuFeAlO4, using as fuel a flow of 10% H2 10% CO/Ar wet 
100 sccm. 
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5.4 Conclusions 

In this chapter, the electrochemical characterization of the two spinels system CuFe2O4 and 

CuFeAlO4 were conduct. The system with only aluminum inside the lattice, CuAl2O4, was 

discard due to its very low reducibility, thus performance in the water gas shift reaction. The 

two spinels were studied by means of the Electrochemical Impedance Spectroscopy probing 

throughout temperature variation and different gases such hydrogen and carbon monoxide. 

In the previous Chapters 3 and 4, was evaluated the ability of the two system to reduce under 

hydrogen and the amount depends on the aluminum content. Further investigation of the 

catalysts with in situ XRD showed that CuFeAlO4 spinel is the most balanced under reducing 

environment: enough to allow the Cu extraction without losing its structural integrity. 

Furthermore, XAS measurements of as-synthesized and activated spinel showed the 

presence of Cu1+ as amorphous phase, a good candidate as promoter for the CO2 and CO 

activation during RWGS and other reactions as TWC. In all the presented cases, the 

activation process reveled the increasing of the performance due to the Cu extraction from 

the lattice. The key factor is the presence (CuFeAlO4) or not (CuFe2O4) of aluminum and its 

quantity.  

Table 7 Summary of the ASR values of CuFe2O4 and CuFeAlO4 with H2. 

Temperature (°C) 600 650 700 750 800 

CuFe2O4/YSZ/CuFe2O4 

ASR (Ωcm2) 

10% wet H2/Ar 

64.44 29.85 16.13 6.85 3.93 

CuFeAlO4/YSZ/CuFeAlO4 

ASR (Ωcm2) 
11.34 5.92 3.41 2.25 1.69 
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10% H2 wet/Ar 

The same results were obtained in the electrochemical investigation, where the CuFeAlO4 

spinel overcome the CuFe2O4 performance, in all temperature and with all the gases studied, 

Table 7 and Table 8.  

 

Table 8 Summary of the ASR values of CuFe2O4 and CuFeAlO4 with H2 + CO. 

Temperature (°C) 600 650 700 750 800 

CuFe2O4/YSZ/CuFe2O4 

ASR (Ωcm2) 

10% H2 10% CO wet/Ar 

38.34 20.27 9.97 4.35 2.74 

CuFeAlO4/YSZ/CuFeAlO4 

ASR (Ωcm2) 

10% H2 10% CO wet/Ar 

6.59 3.83 2.37 1.70 1.31 

 

The ability of CuFeAlO4 to maintain its structure beside the Cu extraction is the reason of its 

good activity, also toward the CO oxidation. In the previous section was showed how the 

Bode plot change with CO presence, confirmed by the appearing of a new process. In the 

spinel without aluminum (CuFe2O4) was not present this peculiarity because the system was 

not able to maintain the crystallographic structure intact at high temperature, thus its 

inability to activate and catalyze the CO oxidation. Another fact supporting this hypothesis 

is the activation energy of the cells studied in this thesis. In the cells containing the spinel 

with aluminum, the activation energies are lower compared to the spinel CuFe2O4. 

Moreover, the CuFe2O4 system present almost the same activation energy (Table 9) with and 

without the presence of CO, as another confirmation that the system did not have sufficient 
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stability to maintain the active site towards CO oxidation. On the contrary, the spinel with 

aluminum showed different activation energy and different ASR with H2 and CO. In this case, 

the structural integrity allowed by the presence of Al inside the structure, permit the system 

to maintain the active site for the CO oxidation and, furthermore, increment the 

performance. 

 

Table 9 Activation energies of the tested cells with different gases and electrodes composition. 

Sample (fuel) Activation energy (eV) 

CuFe2O4/YSZ (H2) 1.14 

CuFe2O4/YSZ (H2 + CO) 1.10 

CuFeAlO4/YSZ (H2) 0.77 

CuFeAlO4/YSZ (H2 + CO) 0.66 
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Chapter 6 
 

“Come, come, whoever you are.  

Wanderer, worshipper, lover of leaving — it doesn’t matter,  

Ours is not a caravan of despair.  

Come, even if you have broken your vow a hundred times, 

Come, come again, come.” 

Rumi 
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6.1 Introduction 

Co-based perovskite-type oxides are used in various fields as catalysts, electrodes in solid 

oxide fuel cells and in gas separation (ceramic membranes). The aim of this experiment is to  

perform in situ, time-resolved high energy X-ray diffraction analysis on the reversible 

structural changes of Co-based perovskite-type oxides under oxidative (O2) and reductive (H2 

and/or CO) environments as a function of doping with different elements.  

Detailed information collected using XRD under pulsing conditions at selected temperatures  

will allow correlating the nature of the structural changes (reversible on these materials) with  

catalytic activity, ion mobility and electro-catalytic activity. The systems proposed for these  

experiments are LaCoO3-based oxides obtained by doping with increasing amounts of Sr  

(A-site) and Fe (B-site). 

Perovskite-type oxides are relevant to a number of important industrial processes and the 

large interest on these compounds is related to the tunability of their proprieties [1]. The 

combination of element composition and proper doping allow the development of and the 

control over the desired functionality. Several elements can be inserted in the perovskite-

type structure with the aim to develop specific behaviors. La- Sr-Co-Fe-O oxides are used in 

intermediate temperature solid oxide fuel cells as electrodes replacing the conventional 

(LaSr)MnO3 used at higher temperature. Moreover, La-Co-O perovskite-type systems are 

used in gas separation and as oxygen pump [2]. All these applications are allowed by the 

developed mixed ion-electron conductivity and induced formation of surface-active sites. 

The incorporation of aliovalent cations in the perovskite lattice is an effective way to 

generate vacancies and thus to increase ion mobility and catalytic activity. Vacancies are 

responsible for the coordination and activation of reactants, e.g. NO. 
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Previous operando X-ray diffraction measurements performed on LaCo0.5Cu0.5O3 (vs un-

doped LaCoO3) [3] [4] analogous to modulation experiments (H2/O2, CO/O2) [5] have shown 

that Cu doping enhances the extent of phase change in addition to bestowing catalytic 

activity towards three-way catalysis (TWC) type reactions. It was observed that the activity 

is strictly linked to the phase change and to the reducibility of the material. To this end, Cu 

was observed to decrease the reduction temperature of the material. Prompted by 

preliminary H2/O2 and CO/O2 pulse measurements on un-doped and doped LaCoO3 using 

HE-XRD (Figure 57), CuO@La0.5Sr0.5CoO3 nano-composites was designed and tested under 

TWC pulsed conditions with the purpose of studying (by means of XRD) the extent of 

structural changes and consistently, the catalytic activity determined simultaneously with 

mass spectrometry [6]. 

 
Figure 57 Time-resolved HE-XRD data (0.5s/pattern) during H2/O2 and CO/O2 pulses on LaCo0.5Cu0.5O3 

at 450°C. Structural changes from perovskite to brownmillerite are visible. 
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The collected data show intriguing results probably induced by the presence of Cu surface 

sites catalytically active towards NO, and of enhanced vacancies and ion mobility of 

supporting La0.5Sr0.5CoO3 [7].  In order to study the fast dynamics of the process, the patterns 

were acquired with high acquisition rate and thus high time-resolution with the aim of 

following the process at subsecond time scale. A careful study of the material response to 

different environments (different pulse sequences) is essential in order to understand the 

behavior of the material and to design a new generation of materials in which functionality 

can be tailored. 

 

 

6.2 Experimental 

6.2.1 Synthesis 

Perovskite-type mixed oxide of composition LaCoO3 – La0.8Sr0.2CoO3 – La0.5Sr0.5CoO3 – 

LaFe0.5Co0.5O3 were synthesized via the citrate-gel method [8] [9] described in chapter 2.1. 

Final calcination was conducted, for all systems, at 800°C for 6 h to obtain the desired crystal 

phase. 

6.2.2 High energy X-ray diffraction tests 

Operando time-resolved X-ray diffraction patterns were acquired at beamline ID15A of the 

ESRF (Grenoble, France, beam size 100 x 100 m) using a Pilatus X detector (1679 x 1475 

pixels, Dectris) at a time resolution of 0.5 s and at an incident energy of 79.5 keV. The samples 

(sieve fraction, 100–150 m) were firmly mounted between two quartz wool plugs in a quartz 
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capillary reactor (OD = 2 mm, wall thickness 50 m) which allowed the insertion of a 0.5 mm 

thermocouple. The sample was positioned 800 mm from the detector. The reactor was 

connected to a gas manifold allowing for fast switching of the feed to simulate reductive and 

oxidative operation and was interfaced by heated stainless steel capillary to a mass 

spectrometer (MS, Pfeiffer Omnistar GSD 320) for on-line gas analysis. The following m/z 

values were recorded: 2 (H2), 4 (He), 18 (water), 28 (CO), 32 (O2) and 44 (CO2). Feed conditions 

were controlled by two solenoid on/off valves placed in front of the quartz reactor and slaved 

to the beamline control software to synchronize data acquisition and gas switches. Heating 

was provided using a hot air blower.  

An experiment consisted in heating the sample to the desired temperature (300, 400 and 500 

°C) in 5 vol% O2/He followed by repeated and alternate pulses of 5 vol% CO/He, 1 vol% Ar 

and 5 vol% O2/He (30 s each). 

 

 

Figure 58 Left: image of the setup used at the beamline ID15A.  

Right: scheme of the system used during operando measurements. 
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Above 300°C, the measurements at selected temperatures were interspersed by heating to 

600°C in 5 vol% O2/He in order to ensure restauration of the original structure, which was 

confirmed by XRD. 

 

 

6.3 Results and discussion 

As mentioned in the Experimental part, a typical experiment consisted in repeated and 

alternated pulses of 5 vol% CO/He and 5 vol% O2/He for 30 s each. The catalytic system was 

followed, from the crystallographic point of view, collecting a XRD pattern every 0.5s.  

In Figure 59 the graphic representation of the experiments can be appreciated. The Y axis 

indicates the total number of XRD patterns taken during the experiment, while the X axis 

define the Wave Vector (Q) from the reciprocal lattice. The color code represents the 

intensity of the perovskitics peaks where blue is almost zero counts and red the highest 

number counted from the detector. In other words, the image consists in hundreds of 

ordinary XRD patterns looked from the top view. A line in this 2D colorful graph is the peak 

in the more friendly XRD pattern. 

In the following paragraphs all the synthesized perovskites will be evaluated during the 

changing of a pulse, from reducing to oxidizing environments. CO2 production during the 

reducing pulses will be used to calculate the Oxygen Storage Capacity (OSC) from the 

systems doped with strontium, as the more reactive in the CO oxidation. 
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Figure 59 LaCoO3 un-doped, pulses of CO (5%) and O2 (5%), pulses 30s each, T = 500 ºC. 

 

 

 

 

6.3.1 B-doped LaCoO3 

The first sample that will be analyzed is the perovskite doped in the B-site: LaCo0.5Fe0.5O3. 

The B-doping in the perovskite structure allows to confer a peculiar characteristic during the 

design of the catalyst. Iron is widely used as dopant for cobalt perovskite [10] [1] [2] or, as 

stated in Chapter 4, as the main perovskitic cation. The most used perovskite used for O2-
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elctrode in Solid Oxide Cell is the La1-xSrxCo1-yFeyO3 where the iron content may vary from 

0.5 to 0.8 [11] [12]. 

In complete opposition from the results discussed in Chapter 4 and compared to the un-

doped B-site perovskites, the ability of LaCo0.5Fe0.5O3 to oxidized CO is very low.  

 

 

Figure 60 CO2 production during the last reducing pulse at 300 ºC. The perovskite containing Fe has the 
lowest ability to convert CO compared to the B-un-doped perovskites. 

 

The CO2 production during CO oxidation can be evaluated in Figure 60. The graph is related 

to the last reducing pulse to be completely sure that the system reached a dynamic 

equilibrium. This behavior may be explained from two different point of view.  

The first explanation, independently on the temperature, is the inability of Fe-doped 

perovskite to create surface vacancies as a consequence of the highly affinity of iron to 

strongly bon oxygen [13] [14]. So, in this case, a long pulse of only CO may not be sufficient 

to activate the surface, as demonstrated in Chapter 4.  



 187 

The second possible explanation derive from the XRD data showed in Figure 61. This 

sequence from 300 ºC to 500 ºC show the main perovskitic peak of the B-doped LaCoO3 with 

iron. The difference from Figure 59 is the representation of only two pulses: from bottom, 

the reducing one and from the perfect half, the oxidizing pulse. Probably it is difficult to 

understand where the oxidizing pulse starts and the reason is the following: the system 

LaCo0.5Fe0.5O3 did not change from the structural point of view. In particular, the doublet 

peak proved the presence of a rhombohedral structure [15]. From the in situ XRD data is clear 

that, during the CO oxidation reaction, no visible structural changes occurred. No other 

structural recombination was seen as possible precursor towards the CO evolution in CO2, as 

hypothesized in the Introduction section. 

 

 

Figure 61 Main perovskitic peak of LaCo0.5Fe0.5O3 during reducing (bottom half) and oxidizing (upper 
half) pulses. No visible structural changes occurred in this system. 
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6.3.2 A-doped LaCoO3 

Different doping was chosen for the A-site with strontium: plain LaCoO3, La0.8Sr0.2CoO3 and 

the half substitution, La0.5Sr0.5CoO3. The incorporation of aliovalent cations in the perovskite 

lattice is an effective way to generate oxygen anion vacancies and thus to increase ion 

mobility and the catalytic activity. Vacancies are also responsible for the coordination and 

activation of reactants. As showed in Figure 60, different A-doping leads to a different CO2 

production, thus to different ability in incorporating oxygen into the lattice and surface. As 

stated before, the lanthanum substitution with strontium inside the lattice may produce the 

Increment of superficial vacancies, thus the overall Oxygen Storage Capacity.  

 

 

Figure 62 Main perovskitic peak of LaCoO3 during reducing (bottom half) and oxidizing (upper half) 
pulses. Great visible structural changes occurred in this system, with the formation of a new phase. 

 

Figure 62 displays 2D plots of the CO-O2 pulse experiments on LaCoO3 around the main 

doublet of the rhombohedral structure ((110) and (104) reflections). These experiments 

allowed to identify two regimes of temperatures where different extents of structural 

changes occur. Below 300°C, CO extracts oxygen atoms from the surface of the material. 

While no evident Q changes can be observed, the behaviour of the reflections suggests 
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reversible expansion/contraction of the lattice upon removal of oxygen by CO. Above 300°C, 

oxygen removal increasingly generates new reflections at lower angles belonging to the 

La3Co3O8 brownmillerite structure [16], an oxygen deficient perovskite-related oxide. At 500 

°C, it is clear that the rhombohedral structure of LaCoO3 was completely lost in the CO pulse 

for ca. 2-3 s, however it was restored in the O2 pulse. The appearance of the reflection at ca. 

2.23 Å revelled the formation of the La2Co2O5 phase [17], also an oxygen deficient perovskite-

related structure. Despite these experiments, which removed the perovskite-type structure 

shortly, XRD data taken at every temperature before and after the pulse sequences indicate 

that the material did not lose substantial crystallinity. 

 

 

Figure 63 Main perovskitic peak of La0.8Sr0.2CoO3 during reducing (bottom half) and oxidizing (upper half) 
pulses. Visible structural modification during reducing pulses only above 400 ºC. 
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Figure 64 Main perovskitic peak of La0.5Sr0.5CoO3 during reducing (bottom half) and oxidizing (upper half) 
pulses. Increasing the Sr content decrease the temperature reduction. 

 

Substitution of La by 20% Sr (Figure 63) exhibited lower reducibility at low temperature and 

practically started to show structural changes only above 400°C. La0.5Sr0.5CoO3 (Figure 64) 

exhibited less reduction propensity than LaCoO3 at equal temperature suggesting that 

reducibility is not linear with Sr substitution. 

With the new information from the in situ XRD is possible to link them to the MS. From the 

mass spectroscopy analysis it is possible to estimate the ability of the system LaCoO3, and 

the Sr-doped perovskites, to oxidize the CO and correlating the data to the oxygen storage 

capacity. In Figure 65 is possible to see the OSC as function of Sr substitution at the three 

different temperatures.  
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Figure 65 Oxygen Storage Capacity as function of the strontium substitution in LaCoO3. 

 

Moving from the un-doped system LaCoO3 to the 20 % Sr substitution, the XRD data showed 

less reducibility, thus less ability to change during the reducing pulses. A possible explanation 

could be the changing of the crystallographic structure, in this case from the rhombohedral 

un-doped perovskite to the orthorhombic Sr-substituted. In this case, the only 20% of 

strontium inside the structure does not allow to maintain the same reducibility with the 

consequence of losing the ability to store oxygen, even at high temperature. Increasing the 

Sr content up to 50%, the system maintains the same crystallographic structure but the 

ability to create more surface vacancies permits to increase again the total OSC.  

From the observation of this interesting new data, someone could state that the best OSC 

materials tested is the un-doped LaCoO3, thanks to its good ability to reduce itself. The more 

accurate answer is: in which particular application the materials is needed? If the application 

required high working temperature, as a Fuel Electrode in SOC technology, the un-doped 

system LaCoO3 is the worst choice due to its “softness” under reducing environment and high 
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temperature. The best choice will be the system with the 50% of Sr, that unified good OSC 

properties and strong structural behaviour under reducing environment. 

6.4 Conclusion 

The experiments showed in this chapter were devoted to the study of the reversible 

structural properties of selected perovskite-type oxides to redox pulsing as a function of 

temperature. This behaviour is closely related to catalytic properties. Four samples were fully 

characterized in this respect using high energy X-ray diffraction at beamline ID15A (ESRF): 

LaCoO3, La0.8Sr0.2CoO3, La0.5Sr0.5CoO3 and LaCo0.5Fe0.5O3 that are used as potential 

automotive exhaust catalysts or Electrode in SOC application.  

The system LaCo0.5Fe0.5O3 did not change from the structural point of view. From the in situ 

XRD data is clear that, during the CO oxidation reaction, no visible structural changes 

occurred. No other structural recombination was seen as possible precursor towards the CO 

evolution in CO2.  

Different doping was chosen for the A-site with strontium: LaCoO3, La0.8Sr0.2CoO3 and 

La0.5Sr0.5CoO3. Below 300°C, CO extracts oxygen atoms from the surface of the material. 

Above 300°C, oxygen removal increasingly generates new reflections at lower angles 

belonging to the La3Co3O8 brownmillerite structure and at ca. 2.23 Å revelled the formation 

of the La2Co2O5 phase.  

Different Sr substitution led to different OSC properties, and the behaviour is not linear: the 

undoped LaCoO3 showed the highest OSC performance but also the highest reducibility. If 

the application needs a stronger system able to resist at higher temperature, Sr substitution 

is fundamental, and its content will modify the OSC properties of the perovskite. 
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“I shall either find a way or make one.” 

Hannibal 
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In the final chapter I would like to resume the technologies and strategies presented in this 

thesis that were chosen as possible solutions for a sustainable development: from the energy 

conversion to the air pollution. The aim is in demonstrating that smart strategies in defining 

composition, nano-composition, and structure can allow to obtain high performant 

heterogeneous catalysts that result disrupting in different field: the preferred application 

sectors are Solid Oxide Cells (SOCs) and Three Way Catalysts (TWCs). 

First, SOCs have been illustrated with the aim to show how this technique is extremely 

efficient to transform chemical energy into electrical energy (Fuel Cell mode) and vice versa 

(Electrolyzer mode). From thermodynamics fundamental to the state of the art of the 

materials: a short walk to eventually, try to answer the question of why this incredible 

technology deserves to be investigated. From energy transformation to air pollution 

dilemma, the thesis describes the TWCs. This technology is fundamental to avoid harmful 

emissions from vehicles based on internal combustion engine. Nowadays it seems the rising 

age of electric car but the problems behind the use of batteries are significant. The Fuel Cell 

technology it is not a ready on market technology but can be helpful to solve the problems 

related to the save disposal of batteries. Moreover, the technology behind TWCs can be an 

extremely useful starting point to develop new materials which can be used in different 

applications (abatement of exhausts in stable plants, development of catalyst for highly 

demanding application). As a general consideration, the operative conditions for catalysts in 

TWC are usually more demanding than those required in stable plants: the know-how 

developed in the last 50 years can be extremely helpful to enrich the database of new 

materials that can benefit from an oscillating dis-equilibrium to perform in a better way and 

to exploit synergic mechanisms in complex reactions. 
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Two main aspects unify the research presented in this thesis: the care for environment and 

the idea of developing innovative materials by slight and careful modification of two Poly 

Cationic Oxides: spinel and perovskite systems. Care of environment: to demonstrate that 

progress is sustainable, that energy can be converted minimizing the generation of 

pollutants.  

At first why are these catalysts preferred in this thesis? Spinel and perovskites are 

crystallographic structures tremendously simple but is a smart way elaborated by nature to 

arrange metal ions. It is possible to bestow to spinel and perovskite the specific behavior that 

a specific application need, adjusting with craftiness the composition. More important, it is 

possible to elaborate a starting material that can completely change his catalytic behavior, 

transforming itself in a new in situ catalyst.  

 

In Chapter 3, CuFe2O4, CuFeAlO4 and CuAl2O4 spinel materials were proposed as active and 

stable catalysts for the catalytic hydrogenation of CO2 to CO, also known as the Reverse 

Water Gas Shift (RWGS) reaction. In this chapter, the activity of spinel oxides as catalysts for 

this reaction was investigated as a function of aluminum content. CuFeAlO4 outperformed 

all other spinels studied in the range of temperatures (100 ºC–600 ºC). Further investigation 

of the catalysts with in situ XRD showed that CuFeAlO4 spinel is the most balanced under 

reducing environment: enough to allow the Cu extraction without losing its structural 

integrity. Furthermore, XAS measurements of as-synthesized and activated spinel showed 

the presence of Cu1+ as amorphous phase, a good candidate as promoter for the CO2 

activation during RWGS. In all the cases, the activation process reveled the increasing of the 

performance due to the Cu extraction from the lattice. The key factor is the presence 

(CuFeAlO4 – CuAl2O4) or not (CuFe2O4) of aluminum and its quantity. Indeed, the initial 
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synthesis of the catalyst is crucial to provide the desired properties. In spite of this, it is only 

by means of the combination of synthesis and reaction process that is possible to optimize 

the desired behavior.  

 

In Chapter 4, different crystallographic structures containing Fe and Cu, inside vs supported 

on the surface, were proposed as active catalysts towards Three Way Catalyst reaction. The 

foundation and the question that drove this research was the following: "are pulses conditions 

useful to activate the catalyst in TWC application?" The answer is yes, but some precaution 

must be taken in account. Spinel system CuFeAlO4, for its nature and composition, showed 

a remarkable ability towards the NO abatements only during pulses condition. During static 

condition, only CO was oxidized to CO2. Different behavior was pointed out from the 

perovskitic system LaFeO3: in the scenario where only the perovskite was used as catalyst, 

poor TWC performances were achieved, especially versus the NO. If the system is enriched 

with copper nanoparticles, thanks to the ability of copper to change easily through Cu2+  

Cu1+  Cu0, TWC performance is boosted reaching almost the 100 % of NO conversion at 

450 ºC. Unfortunately, FT-IR measurements showed the presence of ammonia in the exhaust 

gases, probably caused by the slightly reducing condition used (0<  < 0.9).  

 

In Chapter 5, the electrochemical characterization of the two spinels CuFe2O4 and CuFeAlO4 

was carried out. The system with only aluminum inside the lattice, CuAl2O4, was not 

considered due to its very low reducibility, thus performance in the water gas shift reaction 

as presented in Chapter 3. The two spinels were studied by means of the Electrochemical 

Impedance Spectroscopy probing throughout temperature variation and different fuel gases 

such hydrogen and carbon monoxide. In the previous Chapters 3 and 4, the ability of the two 
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system to reduce under hydrogen was evaluated and related to the aluminum content. 

Further investigation of the catalysts with in situ XRD showed that CuFeAlO4 spinel is the 

most balanced under reducing environment: enough to allow the Cu extraction without 

losing its structural integrity. Furthermore, XAS measurements of as-synthesized and 

activated spinel showed the presence of Cu1+ as amorphous phase, a good candidate as 

promoter for the CO2 and CO activation during RWGS and other reactions, such as those 

required in TWC. In all the presented cases, the activation process revelled the increasing of 

the performance due to the Cu extraction from the lattice. The key factor is the presence 

(CuFeAlO4) or not (CuFe2O4) of aluminium and its quantity.  

 

Table 10 Summary of the ASR values of CuFe2O4 and CuFeAlO4 with H2. 

Temperature (°C) 600 650 700 750 800 

CuFe2O4/YSZ/CuFe2O4 

ASR (Ωcm2) 

10% wet H2/Ar 

64.44 29.85 16.13 6.85 3.93 

CuFeAlO4/YSZ/CuFeAlO4 

ASR (Ωcm2) 

10% H2 wet/Ar 

11.34 5.92 3.41 2.25 1.69 

 

The same results were obtained in the electrochemical investigation, where the CuFeAlO4 

spinel overcome the CuFe2O4 performance, at all temperatures and with all the gases 

studied, Table 7 and Table 8.  
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Table 11 Summary of the ASR values of CuFe2O4 and CuFeAlO4 with H2 + CO. 

Temperature (°C) 600 650 700 750 800 

CuFe2O4/YSZ/CuFe2O4 

ASR (Ωcm2) 

10% H2 10% CO wet/Ar 

38.34 20.27 9.97 4.35 2.74 

CuFeAlO4/YSZ/CuFeAlO4 

ASR (Ωcm2) 

10% H2 10% CO wet/Ar 

6.59 3.83 2.37 1.70 1.31 

 

The ability of CuFeAlO4 to maintain its structure beside the Cu extraction is the reason of its 

good activity, also toward the CO oxidation. In the course of the thesis it was showed how 

the Bode plots change with CO presence, a behavior confirmed by the appearing of a new 

process. In the spinel without aluminum (CuFe2O4) this peculiarity was not present because 

the system was not able to maintain the crystallographic structure intact at high 

temperature, thus its inability to activate and catalyze the CO oxidation. Another fact 

supporting this hypothesis is the activation energy of the cells studied in this thesis. In the 

cells containing the spinel with aluminum, the activation energies are lower compared to the 

spinel CuFe2O4. Moreover, the CuFe2O4 system presents almost the same activation energy 

(Table 9) with and without the presence of CO, as another confirmation that the system does 

not have sufficient stability to maintain the active site towards CO oxidation. On the 

contrary, the spinel with aluminum showed different activation energy and different ASR 
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with H2 and CO. In this case, the structural integrity allowed by the presence of Al inside the 

structure, permits the system to maintain the active site for the CO oxidation and, 

furthermore, increments the performance. 

 

Table 12 Activation energies of the tested cells with different gases and electrodes composition. 

Sample (fuel) Activation energy (eV) 

CuFe2O4/YSZ (H2) 1.14 

CuFe2O4/YSZ (H2 + CO) 1.10 

CuFeAlO4/YSZ (H2) 0.77 

CuFeAlO4/YSZ (H2 + CO) 0.66 

 

In the last Chapter 6, the experiments showed were devoted to the study of the reversible 

structural properties of selected perovskite-type oxides to redox, pulsing as a function of 

temperature. This behaviour is closely related to catalytic properties. Four samples were fully 

characterized in this respect using high energy X-ray diffraction at beamline ID15A (ESRF): 

LaCoO3, La0.8Sr0.2CoO3, La0.5Sr0.5CoO3 and LaCo0.5Fe0.5O3 that are used as potential 

automotive exhaust catalysts or Electrode in SOC application.  

The system LaCo0.5Fe0.5O3 did not change from the structural point of view. From the in situ 

XRD data is clear that, during the CO oxidation reaction, no visible structural changes 

occurred. No other structural recombination was seen as possible precursor towards the CO 

evolution in CO2.  

Different doping was chosen for the A-site with strontium: LaCoO3, La0.8Sr0.2CoO3 and 

La0.5Sr0.5CoO3. Below 300°C, CO extracts oxygen atoms from the surface of the material. 

Above 300°C, oxygen removal increasingly generates new reflections at lower angles 
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belonging to the La3Co3O8 brownmillerite structure and at ca. 2.23 Å revelled the formation 

of the La2Co2O5 phase.  

Different Sr substitution led to different OSC properties, and the behaviour is not linear: the 

undoped LaCoO3 showed the highest OSC performance but also the highest reducibility. If 

the application needs a stronger system able to resist at higher temperature, Sr substitution 

is fundamental, and its content will modify the OSC properties of the perovskite. 

As a general consideration the results obtained in this thesis fully demonstrate that the 

development and optimization of the materials is a process similar to the creation of a 

artwork: creativity and skill are placed on the palette and the scientist uses them to obtain a 

material with the desired behaviour.      
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