
 

 
     

         

   

 

 

SCIENZA DEI MATERIALI E NANOTECNOLOGIE - XXIX CICLO 
 
 

 
MARIANNA GAMBINO 

 

STRUCTURAL STUDY, COMPUTATIONAL ANALYSIS 

AND STRUCTURE-PROPERTY CORRELATIONS IN 

ANION CONDUCTING ELECTROLYTES FOR  

SOLID OXIDE FUEL CELLS 

 

TUTOR: PROF. ANTONINO MARTORANA 

CO-TUTOR: DR. FRANCESCO GIANNICI  

COORDINATORE: PROF. MARIA GRAZIA GRIMALDI 

 

TESI PER IL CONSEGUIMENTO DEL TITOLO DI DOTTORE DI RICERCA 

 

UNIVERSITÀ DEGLI STUDI DI CATANIA 

 
UNIVERSITÀ DEGLI STUDI DI PALERMO 

IN CONVENZIONE CON 

DOTTORATO DI RICERCA  IN 



  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

“The very basic core of a man’s living spirit is 
his passion for adventure. The joy of life comes 
from our encounters with new experiences and 
hence there is no greater joy than to have an 
endlessly changing horizon, for each day to 
have a new and different sun.” 

Christopher McCandless 



 

 

 



Abstract 
 

A combined experimental and theoretical approach has been used in order to investigate the 

local structural features that have an influence on ionic conductivity of IT-SOFC 

(Intermediate Temperature Solid Oxide Fuel Cell) electrolytes, in order to link the properties 

of these materials with their atomic and electronic structure. 

Doped δ-Bi2O3 and LaGaO3 electrolytes for AC-SOFC applications have been studied as 

model compounds for oxygen-ion diffusion in fluorite-like and perovskite-like materials, due 

to their incredibly high anion conductivity. A combined X-Ray Absorption Spectroscopy 

(XAS) and Density Functional Theory (DFT) study has been carried out with the aim to 

unveil the role of the dopants on the short range structure of these materials, to probe the 

preferential association of vacancies with both dopant and regular site cations, and to 

highlight the preferential oxygen-ion diffusion paths. This could help to define criteria for the 

design of new materials with improved properties. 

The influence of the electrode-electrolyte interface on the overall fuel cell ionic conductivity 

has been also addressed. To this aim, a novel protocol to evaluate electrode-electrolyte 

compatibility through Scanning X-Ray Microscopy (SXM) has been developed and cation 

interdiffusion has been successfully probed at the interface between some electrolyte-cathode 

couples.  

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Abstract 
 

Il presente lavoro propone lo studio di elettroliti ceramici per IT-SOFC (Intermediate 

Temperature Solid Oxide Fuel Cell). In particolare, lo scopo della tesi è analizzare le 

caratteristiche strutturali a corto raggio aventi un’influenza sulla conducibilità ionica del 

materiale, al fine di collegare le proprietà degli elettroliti in esame con la loro struttura 

atomica ed elettronica. 

Gli elettroliti a conduzione anionica studiati sono la fase δ dell’ossido di bismuto (δ-Bi2O3) e 

il lantanio gallato (LaGaO3). Data la loro elevatissima conducibilità anionica, tali materiali 

sono stati scelti come composti modello attraverso cui descrivere la diffusione di ioni 

ossigeno in elettroliti a struttura fluoritica e perovskitica. Il ruolo dei droganti sulla struttura a 

corto raggio di tali materiali è stata indagata mediante l’utilizzo combinato della X-Ray 

Absorption Spectroscopy (XAS) e della Density Functional Theory (DFT), allo scopo di 

svelare l’associazione preferenziale delle vacanze con i cationi (droganti e cationi del sito 

regolare) e individuare i cammini di diffusione dello ione ossigeno favoriti. Tali informazioni 

possono essere utilizzate nella definizione di criteri per la progettazione di nuovi materiali con 

migliorate proprietà. 

Nel presente lavoro è stata inoltre studiata l’influenza dell’interfaccia elettrodo/elettrolita sulla 

conducibilità ionica complessiva della cella a combustibile. A tal fine, è stato sviluppato un 

nuovo protocollo per la valutazione della compatibilità elettrodo/elettrolita mediante Scanning 

X-Ray Microscopy (SXM) e l’interdiffusione cationica è stata rilevata con successo in alcune 

coppie catodo/elettrolita precedentemente sottoposte alle temperature operative della cella. 
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CHAPTER 1 

Introduction 

 

The purpose of this chapter is to draw a general overview of the state of the art of IT-SOFC 

technology and to contextualize the role of this devices in the development of novel clean 

power production strategies. A detailed description of the electrolyte materials studied in this 

work will be given and a novel method to probe electrode-electrolyte compatibility will be 

presented. Finally, the objectives of the thesis will be drawn. 

 

1. Solid Oxide Fuel Cells  

1.1 Energy production and environment 

Environmental Scenario 

The overexploitation of fossil fuels ever since Industrial Revolution, has lead to severe 

climate change consequences. The massive consumption and burning of oil, coal and natural 

gas during the last centuries has caused a dramatic increase of CO2 and other greenhouse 

gases, that has relentlessly driven the earth to global warming issues.1 It has been estimated 

that, in order to keep under control the damage cost related to temperature rising, global 

warming should not exceed 2°C above the average temperature of pre-industrial times.2,3 The 

Intergovernmental Panel on Climate Change (IPCC) has foreseen that to have 50% of 

possibility to respect this limit, carbon emissions between 2011 and 2050 must not exceed 

1,100 gigatonnes of carbon dioxide (Gt CO2);3–5 to this end, during the 2015 Paris Conference 

COP21 the achievement of “a legally binding and universal agreement on climate” has been 

pursued, in order to keep global temperature rising under 2°C and limiting calamitous effects 

on the planet such as glaciers melting, rising of sea level and drought.6 

The rising interest in finding new ways to produce energy constitutes a currently open 

challenge for the society. Actually, the European Framework Programme 8 (FP8) 

“Horizon2020” strongly promotes the study of advanced materials for clean energy 

production and addresses the European Union resources towards the development of 
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innovative technology, with the goal to obtain a 20% reduction of greenhouse gas emissions 

by 2020 and a further 80-95% reduction by 2050.7  

In this context, the research devoted to Fuel Cell (FC) materials and in particular to Solid 

Oxide Fuel Cells has been strongly encouraged and funded, in order to develop new 

integrated networks for power production that could constitute a valid alternative to fossil 

fuels. 

Solid Oxide Fuel Cells: an open challenge for market and for materials 

science 

A Solid Oxide Fuel Cell (SOFC) is an electrochemical device for clean power production, 

that is able to produce electricity starting from pure hydrogen or carbon based fuels (natural 

gas or even biomasses). In the latter case, the cell is subjected to internal reforming, due to the 

high operating temperatures (600-1000°C). 

The main advantage of this kind of technology is constituted by the low-impact emissions: if 

the device is fuelled by pure H2 the only by-product of the reaction is water, while for other 

carbon-based fuels also CO2, SOx and NOx are released, but at very low levels if compared to 

fossil fuels.8 Moreover, the device is not based on a thermodynamic cycle and actually has a 

much higher overall efficiency, not limited by the Carnot theorem.9  

The widespread commercialization of SOFCs is currently hindered by some unsolved 

problems that still make the cost of this technology too high. In this context, the high 

operating temperatures (600-1000°C) play an important role: on one side, they have the 

advantage to ensure internal reforming within the cell (allowing the use of light hydrocarbons 

from natural gas, biogas or biomasses), to consequently avoid the use of noble metals 

catalysts and to produce heat that can be recycled in the so called “Combined Heat and Power 

Systems” (CHP) for co-generation.9,10 On the other side, the major cost of plant design is 

linked to the operating temperatures, that have a determining influence on the choice of 

materials (as interconnect and sealing materials): the higher is the temperature, the higher is 

the cost to ensure the “balance of the plant”.10,11 Fuel supply constitutes another problem that 

still limits the diffusion of SOFC technology. It is well established that the design of SOFC 

which can be competitive on the market has moved towards devices that can be fed up by 

carbon based fuels from natural gas or biomasses, due to the cost of hydrogen production and 

to the difficulty to manage with pure hydrogen fuel in terms of storage. 
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Other problems, which strongly influence the cost of the device in terms of efficiency and 

working life, are the long-term durability and the compatibility between components. Long-

term failure is strongly related to high operating temperatures, that could enhance the 

degradation rate of materials, while poor compatibility between materials depends on 

different Thermal Expansion Coefficients (TEC), that produce mechanical stresses like 

cracking or delamination, and cation interdiffusion, hamper conduction or even give rise to 

non conductive phase segregation at the interface.  

Reducing operating temperatures to the Intermediate Temperature (IT-SOFC, ~650-850°C ) 

or, more recently, even to a Low Temperature (LT-SOFC, ~400-650°C) range would 

contribute to the reduction of costs and would help to make this cells more appealing for a 

widespread and affordable market diffusion, imposing new challenges for material science 

and engineering research. 

1.2. SOFC devices and materials 

SOFC working scheme 

In a hydrogen-fuelled SOFC device, the overall redox reaction 2 + → 2  

takes place in the three basic FC compartments (Figure 1.1): 

 Anode: the electrode where fuel oxidation takes place 2 → 4 + 4  

 Cathode: the electrode where O2 reduction takes place + 4 → 2  

 Electrolyte: the ceramic membrane that is a pure ionic conductor that drives ions in 

between the two electrodes and hinders electronic conduction. 

Electrons flow through an external conductor that closes the circuit and conveys electricity 

out from the cell. 

Depending on the type of electrolyte, Solid-Oxide Fuel Cells can be classified as: 

 Anion-conducting devices (AC-SOFC), where O2- ions flow through the electrolyte 

membrane. In this kind of devices O2 is reduced at the cathode, while water and other 

by-products are produced at the anode side, where H2 is oxidized. (Figure 1.1.a)  
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 Proton-conducting devices (PC-SOFC), conveying H+ ions flow through the 

electrolyte membrane. In this fuel cell protons produced at the anode side are carried 

out through the electrolyte and driven to the cathode, where the reduction 

semireaction takes place and water and other by-products are released. (Figure 1.1.b) 

  
Figure 1.1 Working scheme of a) anion conducting Solid Oxide Fuel Cell (AC-SOFC) and b) 

proton conducting Solid Oxide Fuel Cell (PC-SOFC). 

SOFC materials 

Electrolytes. The electrolyte is a membrane that must carry O2- in the case of AC-SOFCs and 

H+ in the case of PC-SOFCs. The main requirements of this component are: 

 High ionic conductivity (ionic transference number close to unity); 

 Negligible electronic conductivity, to ensure high conversion efficiency; 

 High density, to ensure no gas diffusion; 

 Chemical stability (it must be stable at operating temperature both to reducing and 

oxidizing atmospheres); 

 TEC comparable to anode and cathode electrodes.9 

Oxide-ion conducting electrolyte materials are typically: 

 Fluorite-like materials; 

 Perovskite-like materials; 

a) b) 
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 La2Mo2O9 (LAMOX) 

 Apatite and melilite structures.12 

 
Figure 1.2 Arrehenius plot for different electrolytes.128 

Fluorite-like Yttria-stabilized ZrO2 (YSZ) is the current commercially available oxygen-ion 

conductor for SOFC applications, due to its long-term stability under operating conditions. If 

compared with other electrolytes (See Figure 1.2) YSZ has not a very high ionic conductivity  

(~10-2 S/cm at 800-1000°C) and the need to use high operating temperatures makes this 

material not suitable for IT-SOFC and LT-SOFC devices, especially for small scale 

applications.11,12 ScSZ (Sc-doped ZrO2) was also tested as electrolyte and showed superior 

oxygen-ion conductivity, but the expensive cost of Sc makes unfeasible the use of this 

material.12–14  

Among AO2 fluorite-like materials, valid alternatives have been searched for, in order to 

replace YSZ in SOFC large-scale production and develop devices working at lower 

temperatures. Gd-doped and Sm-doped CeO2 (GDC and SDC) showed much higher oxygen-

ion conductivity than YSZ in the range between 500-700°C.12,15 It must be taken under 

consideration that at low pO2 and above 600°C these materials have a non-negligible amount 

of electronic n-type conductivity, due to the presence of the Ce4+/Ce3+ redox couple, that must 

be controlled in order to avoid ohmic losses in the cell.16 
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Another fluorite-like oxygen-ion conductor is δ-Bi2O3: among the AC-SOFC electrolytes this 

material shows the highest ionic conductivity in its pure form (~1 S/cm at 750°C).17 Two 

main problems are related to the use of this electrolyte: i) due to the polymophism of pure 

Bi2O3, the oxygen-ion conducting δ phase exists only in the narrow range between 730-

824°C; ii) the Bi2O3 oxide is unstable under reducing atmospheres, where bismuth is reduced 

to Bi0. To solve the former problem various dopants, isovalent or aliovalent to Bi3+, can be 

added, while the use of Bi2O3 in combination with more stable materials (e.g. doped CeO2) on 

the fuel side has been proposed to tackle with the latter issue.17–25 Among ABO3 perovskite-

like materials, lanthanum gallate doped with Sr on the A site and Mg on the B site exhibits 

high ionic-conductivity.12,26–29 Current issues for LaGaO3 are related to the formation of 

secondary phases depending on dopant concentration.30,31 On the other hand, it was also 

found that addition of very small amounts of Co or Fe on the B site, enhances ionic 

conductivity.32,33 New electrolytes include La2Mo2O9 (the so-called LAMOX). Again, this 

material has some issues related to the stabilization of the conducting polymorph (cubic β-

phase), that can be achieved by doping the La site with alkaline or alkaline-earth cations, and 

the Mo site with less reducible cations (as W).12,34–36 Another class of new materials is 

constituted by Bi4V2O11-related structures (BIMEVOX), belonging to the Aurivillius series. 

These structures are made up by alternating layers of Bi2O2
2+ and perovskite VO3.5

2-. Also in 

this case room temperature stabilization of the conducting γ phase can be achieved by doping 

with Cu, Ni, Co.12,37–40 Apatite and melilite structures, based on tetrahedral moieties XO4, 

were considered as novel electrolyte for SOFC applications. Si- and Ge-based lanthanum 

apatites, with La9.33+x(XO4)6O2+3x/2 (X=Si, Ge) composition, show an ionic conductivity based 

on the presence of interstitial oxide-ions that can be driven through the bulk material.12,41,42 

Other electrolytes such as La1-xBa1+xGaO4-x/2 exhibit both oxide and proton conductivity. In 

this case oxygen-ions diffuse through the tetrahedral moieties of gallium.12,43 Finally, also 

LaSrGa3O7, with a melilite structure, made up by layers of corner-sharing GaO4 moieties that 

form pentagonal rings, has been taken under consideration because of its interstitial oxide-ion 

conductivity.12,44,45  

In Section 2, doped lanthanum gallate and bismuth oxide electrolytes for IT-SOFC 

applications will be analyzed in detail.  

Anodes. Anode SOFC materials must fulfill the following requirements: 

 high catalytic activity towards the fuel oxidation semireaction;  
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 good ionic and electronic conductivity;  

 stability under reducing atmosphere; 

 high surface area to ensure the fuel diffusion of gases towards the electrolyte; 

 good compatibility with the electrolyte. 

Anode materials can be of two types: 

  Ni/electrolyte cermets, that are porous composites constituted of Ni dispersed in the 

electrolyte material phase; 

 Single phase, Mixed Ionic-Electronic Conductors (MIECs). 

The use of Ni/electrolyte cermets46 simultaneously ensures a very high catalytic activity 

towards fuel oxidation and avoids detrimental micro-structural effects typical of the use of the 

pure metal as electrode, such as coarsening of Ni grains and high thermal expansion 

coefficients. In the past years, other transition metals (ex. Fe, Pt and Au) were also tested for 

the use as anode materials, but Ni remains undefeated in terms of catalytic activity, playing 

the double role of catalyzing the H2 oxidation and conducting electrons.9,47–49  

The most used SOFC composite anode material is then Ni-YSZ cermet, that works at 

temperatures  800°C. The catalytic activity of this cermet is characterized by the so-called 

hydrogen spillover mechanism reported in Figure 1.3, where the Three-Phase Boundary 

(TPB) between Ni, YSZ and H2 is represented. TPB is the active catalytic region where fuel 

oxidation takes place: at the TPB H2 interacts with Ni0 particles, which have the double role 

of catalyzing fuel oxidation and driving electrons to the external circuit. On the other side, the 

YSZ cermet component ensures the transport of the O2- anions, that react with H+ to release 

water as by-product.  

 

 
Figura 1.3 Hydrogen spillover mechanism at the TPB zone.10,50 
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As outlined above, fuel supply is one of the most important issues related to the cost of SOFC 

technology, and the most affordable choice for the commercialization is the use, instead of 

pure hydrogen, of widely available hydrocarbon fuels. In this context, research is oriented 

towards fuelling with methane and short-chain hydrocarbons from natural gas, due to their 

larger availability. These fuels can be reformed inside the FC plant: the possible approaches 

use the heat produced by the FC operation for i) indirect reforming by an accessory reformer 

placed in close thermal contact with the FC compartment, or ii) direct internal fuel reforming. 

In the latter operation scheme, the reforming reaction is directly carried out at the anode 

compartment, with advantages in terms of heath transfer and exploitation of the steam 

produced at the anode. When methane feeds the SOFC, together with the oxidation reactions 

CH4+4O2-  CO2 +2 H2O +8e- 

CH4+O2-  CO + 2H2+2e- 

 also the following detrimental reaction takes place 

CH4 ↔ C + 2H2 

leading to carbon deposition that causes poisoning of the electrode.51,52 Moreover, H2S 

present in natural gas can lead to sulphur deposition, which is also detrimental for the anode 

catalytic activity. These sources of rapid poisoning with carbon involve of course hindering of 

direct oxidation of CH4 at Ni-containing anodes.47,53  

Alternative anodes to Ni-YSZ, with lower activity towards hydrocarbon cracking reaction 

have been proposed during past years. A composite anode consisting of Cu and 20 % Sm-

doped CeO2(Cu-SDC) was proposed, due to the good electronic conductivity of Cu and 

simultaneously due to the low catalytic activity towards the C-H cracking54,55 Cu alloys with 

Ni supported on silica or ceria were found to reduce the activity towards cracking: in 

particular, Ni/Cu-GDC was proved to have very good catalytic and redox properties towards 

CH4 oxidation and decomposition.56 Ni-Ce-ZrO2 and Ni-Ce,Y-ZrO2
57 were also proved to be 

valid cermet materials. 

Talking about the goal of lowering SOFC operating temperatures, other Ni-ScSZ,58 Ni-

gadolinia-doped ceria (Ni-GDC), Ni - samarium-doped ceria (Ni-SDC)59–62 and Ni-LSGM63 

anodes have been proposed as alternatives to Ni-YSZ cermet.10   
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Figura 1.4 Comparison between a TPB zone in a cermet and a TPB zone in a mixed 

electronic/ionic conductor (anode or cathode component)53  

MIECs single-phase anodes were proposed as valid alternative to cermets. Anodes based on 

perovskite and fluorite-type materials have been proposed as suitable candidates that can 

promote direct oxidation of CH4, limiting detrimental poisoning effects. Moreover, MIEC 

materials show an extended TPB if compared with cermets (Figure 1.4). Among MIECs, 

ABO3 perovskites were widely investigated: in these compounds the A site is doped with a 

bivalent cation (usually Sr) in order to introduce oxygen vacancies, while the B site is 

modified by insertion of a transition metal (Mn, Fe, Co, Ni) in order to obtain a redox centre. 

For instance, it was demonstrated that La1-xSrxCr1-yMyO3 (M = Mn, Fe, Co, Ni) improves the 

catalytic properties for methane reforming.47,64 While Ni doping on the B site seems to have 

the higher catalytic activity, it can undergo to Ni exsolution under reducing atmospheres. La1-

xSrxCr1-yFeyO3 shows a better catalytic activity than the most used La1-xSrxCr1-yMnyO3
65 and 

compositions such as LSCrF1030 were found to be able to catalyze the oxidation of H2S to 

SO2 and to overcome sulphur deposition starting from 600°C.66  

Doped fluorite-like CeO2 was also investigated as MIEC. Under the reducing anodic 

environment, cerium oxidation state is lowered from +4 to +3 and some oxygen vacancies are 

created. As in the case of perovskite anodes, doping ceria with transition metal introduces 

redox centres in the material. Examples of transition metal doped ceria used for anode 

applications are Mn- and Y-doped CeO2;67 Mo- and rare earth metal-doped CeO2 is also 

reported in the literature.68  
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Cathodes. The requirements for cathode SOFC materials are:9 

 Catalytic activity towards O2 reduction; 

 High electronic conductivity; 

 High surface area to ensure O2 a high concentration of available reduction centres;  

 Thermal expansion comparable with the other FC components; 

 Chemical stability towards operating conditions; 

 Low solid state reactivity towards electrolyte membrane; 

The oxygen reduction semireaction is accomplished through a mechanism involving several 

steps: i) dissociative O2 adsorption at the cathodic surface; ii) electronic charge transfer; iii) 

O2- surface and bulk diffusion; iv) O2- transport to the electrode/electrolyte interface.10 Due to 

the high activation energy of O2 reduction reaction, lowering the temperatures entails that the 

cathode compartment is the major source of electrical losses.  

The p-type semiconductor La1-xSrxMnO3-δ (LSM) shows the electrode requirements 

previously listed for cathodes. However, LSM has a TPB zone limited to the region where O2, 

cathode an electrolyte are in contact (Figure 1.4); for this reason the LSM morphology and 

the formation of secondary phases at electrode/electrolyte interface can dramatically influence 

the catalytic activity of this cathodic material.69  

Therefore, the preferred materials for cathode applications are MIECs perovkites, where TPB 

is extended to a 3D dimensionality. In these materials the O2 surface exchange and 

bulk/surface diffusion are the rate determining steps of the O2 reduction semireaction. The 

advantages in using MIECs are most evident for SOFCs operating at low temperatures 

(~650°C), because at lower operating temperatures the polarization of the cathode tends to 

increase.53 

Among MIECs, three main classes can be identified: 

 Simple ABO3 perovskites (LaCoO3, BaCoO3, LaFeO3); 

 Ruddlesden-Popper perovskites An+1BnO3n+1 (Ln2(Ni,Co, Fe, Cu)O4+d where Ln=Nd, 

La or Pr);  

 Double perovskites AA´B2O6 (RBaCo2O5+d where R=rare earth, 0≤x≤1).69 

Among simple cubic perovskites, (La, Sr)(Co, Fe)O3 (LSCF) has been extensively studied as 

cathode material. It has been noted that increasing Sr concentration enhances TEC69,70 while 
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Fe doping has the opposite effect.10,69,71 Another promising cathode for LT-SOFC and IT-

SOFC applications is Ba0.5Sr0.5Co0.8Fe0.2O3, that exhibits fast bulk and surface diffusion at 

600°C.69 Further cathodic materials can be found in the class of Ruddlesden-Popper 

perovskites. These oxides have composition An+1BnO3n+1 and are made of n ABO3 layers 

interposed in between AO rock-salt layers;69,72 the A cations are usually alkaline or rare earth 

metals, while B species are transition metals. Examples of compounds with n=1 are 

La2NiO4+δ and La2CuO4+δ, characterized by the presence of excess oxygen, that is interstitially 

hosted between two perovskite layers. It was proved that this oxygen in excess leads to a 

faster ion diffusion compared to defective cuprates, due to the anisotropic nature of oxygen-

ion transport73 through the ab plane of the rock-salt-like A2O2 layer.74,75 The advantage with 

respect to the isotropic diffusion in simple perovkites is that the Ruddlesden-Popper materials 

have not to be heavily substituted to induce the formation of oxygen vacancies and so they are 

not subjected to defect interaction.  

Finally, double perovskites AA´B2O6 (A=rare earth, A’=alkaline metal and B=Co, Mn) have 

been recently proposed as IT-SOFC and LT-SOFC cathodes. These materials have A and A’ 

alternating layers, with oxygen vacancies mainly set on the A planes, so forming channels that 

enhance ionic conductivity.69,76  

 

2. ELECTROLYTES FOR AC-SOFC 

2.1. Fluorite and perovskite-type electrolytes   
Conventional oxide-ion conducting electrolytes for AC-SOFC applications have the following 

types of structure: 

 Fluorite-like (AO2); 

 Perovskite-like (ABO3). 

Fluorite-like electrolytes show an AO2 structure, where A cations are arranged in an fcc 

network and have a cubic coordination with O atoms. Each oxygen is in turn coordinated with 

four A cations, leading to tetrahedral moieties. (Figure 1.5 a) 

On the other side, perovskite-like materials have an ABO3 structure, where the A cation has a 

an eight-fold coordination with the BO6 octahedra.  (Figure 1.5 b) 
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Figure 1.5 a) Fluorite-like AO2 structure (A-site cations and AO8 polihedra in blue and O 

atoms in red). b) Ideal cubic perovskite-like ABO3 structure (A-site cations in green, B-site 

cations and BO6 polyhedra in blue and O atoms in red). 

The common features that make this kind of structures highly efficient oxygen-ion conductors 

are: 

 High concentration of oxygen vacancies (VO): in order to allow anion diffusion 

inside the electrolyte sublattice, VO defects must be introduced. Oxygen vacancies are 

commonly introduced by doping with cations having lower charge than the regular site 

cation. By the way, some solid electrolytes could have an intrinsically defective 

oxygen-ion sublattice in their undoped pure form.  

 Energy equivalence of the conductive sites: the activation barrier of O2- diffusion 

inside the structure is strongly influenced by the energetic equivalence of oxygen sites. 

Indeed, diffusion is favoured if O2- diffusion paths are evenly distributed and then 

equally probable within the oxide matrix. Oxygen-ion diffusion can be typically 

hindered by a pronounced size mismatch between regular cation and dopant, that can 

lead to marked local distortions (for instance, BO6 octahedra tilting and deformation in 

perovskite-like structures), with consequent overall lowering of symmetry in the 

system.77  

 Limited defect interactions and low activation energy barrier (less than 1 eV):78,79 

the amount of dopant and vacancies introduced in the lattice must be taken under 

control. Indeed, defect interaction could strongly affect the electrolyte performances, 

severely damping O2- diffusion and enhancing the activation energy barrier that should 

be kept under 1 eV. 

a) b) 
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The scientific literature on fluorite and perovskite electrolytes is so huge that an attempt to 

give a comprehensive description of the advances in this field is helpless. Instead, the 

following  Sections 2.2 and 2.3 are dedicated to an account of the state-of-the-art for two 

representative oxides of these two classes of ionic conductors, δ-Bi2O3 and doped 

lanthanum gallate, respectively. These compounds are deeply investigated in this doctoral 

thesis due to their outstanding oxide ion conductivity and, consequently, to their interest 

as reference compounds to study the mechanism of oxide-ion solid state conduction. 

2.2. δ-Bi2O3  

Among all solid electrolytes, δ-Bi2O3 exhibits the highest oxygen-ion conductivity known so 

far (about 1 S∙cm-1 at 750°C, two orders of magnitude higher than the commercially used 

YSZ) (See Figure 1.2) and for this reason it is considered the reference compound in the field 

of solid state anionic conduction.17  

The high-temperature phase of bismuth oxide, the so-called δ-Bi2O3, shows an average AO2 

fluorite-like structure belonging to the Fm-3m space group. The incredibly high oxygen-ion 

conductivity of this phase is related to its intrinsically defective oxygen-ion sublattice, that 

exhibits a 25% of vacant oxygen sites in its unit cell, giving rise to a BiO1.5(VO)0.5 

stoichiometry.17,80 Despite its stunning oxygen-ion conductivity, Bi2O3 shows two main 

drawbacks concerning its concrete use as electrolyte in IT-SOFC technology: 

 The δ phase of bismuth oxide is thermodynamically stable only between 730 and 

825°C.  

  Bismuth oxide is unstable under H2 atmosphere, where Bi3+ is reduced to Bi0. 

The literature accounts first drawback can be easily solved by doping Bi3+ site with isovalent 

or aliovalent dopants, which stabilize the δ-phase at room temperature, significantly extending 

the range of accessible temperatures.  

Moreover, the presence of a huge concentration of intrinsic vacancies implies that the material 

can be doped with cations of the same or even higher valence than Bi3+, so that VO 

concentration can be strategically modulated in order to tailor the diffusion properties of the 

electrolyte.17–24 For what concerns Bi3+ instability under reducing atmospheres, the use of 

bismuth oxide in combination with more stable materials (i.e. doped CeO2, YSZ) on the fuel 

side (layered electrolytes) has been proposed to overcome this issue.25 
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a)    b) 

Figura 1.6 a) Coordination polyhedra around Bi in ideal fluorite-like δ-Bi2O3  and b) 

coordination polyhedra around O. (Bi atoms and BO8 polihedra in purple, O atoms and OBi4 

polyhedra in red). 

α, β, γ and δ-Bi2O3  

Depending on the temperature range, bismuth oxide can adopt four allotropic forms, named α, 

β, γ and δ-Bi2O3.17  

At room temperature, bismuth oxide exists as the non-conductive monoclinic α-Bi2O3, 

belonging to the P21/c space group, where alternating layers of bismuth and oxygen atoms are 

arranged. Bi3+ coordination is comprised between five and six, leading to a distorted 

octahedral local environment and empty channels can be observed (Figure 1.6 a).81,82  

At about 730°C α-Bi2O3 undergoes a phase transition to δ-Bi2O3, that exists up to 825°C, its 

melting point temperature.  

δ-Bi2O3 adopts an fcc network of four Bi3+ occupying the 4a sites of the Fm-3m space group 

and having a defective cubic coordination: to ensure a neutral charge two oxygen vacancies 

per unit cell must be introduced. On the other side, oxygen-ion sublattice is composed by six 

atoms occupying the 8c sites and having a tetrahedral coordination with Bi atoms (Figure 1.6 

a and b).80,83–85  

By cooling down the δ-phase, two other metastable bismuth oxide polymorphs have been 

observed: β-Bi2O3 (Figure 1.7 b) at and γ-Bi2O3 (Figure 1.7 c).86–88  

The tetragonal β-Bi2O3 belongs to the P-421c space group; it is obtained at 650 °C by cooling 

the -form and shows a pseudo-bypiramidal trigonal coordination around Bi3+. The γ-Bi2O3 
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has body centred cubic I23 symmetry and is characterized by an octahedral coordination of 

Bi3+. It is obtained at 640 °C by slowly cooling down the δ-phase. 

 

 

Figure 1.7 a) α-Bi2O3, b) β-Bi2O3 and c) γ-Bi2O3. 

δ-Bi2O3: oxygen-ion sublattice models for vacancy arrangement  

Several models have been proposed to describe the oxygen vacancies arrangement in pure δ-
Bi2O3. 

Sillen et al. suggested a <111> ordered defect sublattice model, that was rejected by Gattow et 

al. who proposed a model where each of the oxygen 8c sites has equal probability (75% of the 

sites) to be occupied.80,82  

Willis et al. studied by Neutron Diffraction fluorite-type materials like CaF2, UO2 e ThO2.89 

They demonstrated that the structure of the anionic sublattice of these oxides can be 

interpreted by a displacement of oxygen-ions from their regular tetrahedral 8c site (¼, ¼, ¼), 

towards one of the four <111> directions, giving rise to 32f displaced sites (¼+δ, ¼+δ, ¼+δ). 

c) 

b) a) 
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The same model could be extended to the δ phase of bismuth oxide where the incredibly high 

ionic conductivity can be attributed to the presence of an increased number of conductive 

sites. Indeed, Battle et al. demonstrated through Neutron Diffraction that oxygen-ions in δ-

Bi2O3 have the same probability to occupy both 8c and 32f sites.83,84  

By a pioneering X-Ray Absorption Spectroscopy experiment at high temperatures on 

undoped δ-Bi2O3, Koto et al. confirmed the displacement of oxygen-ions from their 

tetrahedral sites of the fcc cation network. They observed a distribution of two Bi-O distances 

in the first shell, in agreement with a random displacement of oxygen ions from their regular 

8c sites.85  

It was also observed that, due to the stereochemically active 6s2 lone pair on Bi3+, intrinsic 

vacancies in fluorite-like bismuth oxide tend to orient themselves in preferential directions. In 

particular, pure δ-Bi2O3 tend to order vacancies in the <110> direction, that would ensure a 

high degree of disorder in the system, while doping with rare earth cations, that possess a 

lower polarizability than Bi3+, induces a preferred vacancy allignement in the  <111> 

direction.83,84  

Dopant effect on δ-Bi2O3 stabilization 

As it has been previously explained, the stabilization of an average fluorite-type δ-phase to 

room temperature can be achieved by doping bismuth oxide with cations isovalent o 

aliovalent to Bi3+. However, even if doping bismuth oxide with various heteroatoms extends 

the stability of the cubic phase to lower temperatures, this usually happens at the expense of 

conductivity that is generally decreased if compared to pure δ-Bi2O3.  

From a structural viewpoint, bismuth oxide is an extremely complex system and a great 

variety of possible phases can be achieved through a delicate balance between dopant 

concentration, temperature treatment and heating rate. Some isovalent and higher valence 

dopants were found to be very effective in both stabilizing the δ phase and maintaining a good 

ionic conductivity in the material.17 For example, the insertion of trivalent cations on the Bi3+ 

site can lead both to the stabilization of an fcc network, typical of the fluorite-like phase, or of 

a rhombohedral phase, depending on the size of the M3+ cation and on the dopant 

concentration.17 It was observed that dopants with a relatively large radius stabilize the 

rhombohedral phase, while dopants with relatively small radius tend to stabilize the cubic 

phase. In particular (Bi2O3)1-x(M2O3)x solid solutions, where M=Y, Er, Dy, Gd generally lead 

to the stabilization of an fcc network, while solid solutions with M=La, generally stabilize the 
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rhombohedral phase. Among these highly conductive solid solutions, Bi2O3-Er2O3 system 

was proved to have one of the highest ionic conductivity among doped systems (about 0.4 

S∙cm-1 at 700°C in air for 20%mol of M2O3 doping).17,90–92  

The minimum concentration value (xmin) required to stabilize the cubic phase in (Bi2O3)1-

x(M2O3)x can be correlated with the dopant ionic radius, showing two opposite trends: 

 the ionic conductivity increases with the ionic radius; 

 xmin value increases with the ionic radius. 

It was also observed that doped bismuth oxide electrolytes with high values of xmin cause a 

low ionic conductivity in the material.17,91,92  

Due to the presence of a 25% of intrinsic vacancies in pure δ-Bi2O3, it is possible to dope the 

material with higher valence cations without severely affecting the overall oxygen vacancy 

concentration. In this context, doping of bismuth oxide with cations such as Re7+ or Mo6+, 

V5+, Nb5+, and Ta5+ represents a continuing topic of research;19,20 in particular, much interest 

has been devoted to the insertion of pentavalent Ta5+, Nb5+, and V5+ cations.21–24,93  

The role of such small and high-valence cations is thought to be two-fold:  

 stabilizing the fluorite structure at low temperature; 

 providing a favourable pathway for the anion conduction.  

 (Bi2O3)1-x(M2O5)x solid solutions (with M=V, Nb, Ta) show a great variety of 

superstructures, that have been characterized through diffraction techniques (ED, ND, 

XRD).93 Indeed, from the viewpoint of structural analysis, not only the dopant ionic radius 

and concentration have a role, but also the charge unbalance introduced by M5+ cation must 

be carefully considered. M5+ cations in the matrix of Bi2O3 show the tendency to gather in 

highly symmetric structural motives, giving rise to complex superstructures. The orientation 

of these motives and their interaction with the oxide matrix has two competitive driving 

forces: 

 the charge balance (which depends on the amount of dopant introduced); 

 the coordination of the dopant (which depends on the type of M cation). 

For example, in (Bi2O3)1-x(V2O5)x solid solutions vanadium is organized in VO4 moieties that, 

depending on the concentration of the dopant, can be isolated in the Bi2O3 lattice (Type I 
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superstructure) or further aggregated with other VO4 tetrahedra (Type II), where V cations are 

generally clustered in groups of four atoms.94,95  

Vanadium-doped bismuth oxide is very conductive due to the possibility of a large local 

structure rearrangement around V5+, that assists the anion diffusion through the flexible first 

shell V5+-O coordination.21  

Among higher valence dopants, Ta and Nb show very similar behaviour in the structural 

stabilization of δ-Bi2O3, because they possess identical ionic radii. Nevertheless, Ta doping 

was generally less studied than Nb doping.93,96 

Diffraction studies93,96 showed that (Bi2O3)1-x(Nb2O5)x and (Bi2O3)1-x(Ta2O5)x solid solutions 

respectively adopt NbO6 and TaO6 rigidly coordinated octahedral environments. Depending 

on dopant concentration, these NbO6 and TaO6 octahedra could be isolated (Type I 

superstructure) or could further aggregate giving rise to pyrochlore-like A2B2O7 structures 

(Type II). Among these compositions, the highest anionic conductivity (0.19 S∙cm-1) was 

observed for the system (Bi2O3)1-0.85(Nb2O5)0.15.17,97  

Ta-doped Bi2O3  

Diffraction studies demonstrated that Bi2O3−Ta2O5 solid solutions adopt different types of 

superstructures, depending on the dopant concentration. Type I Bi2O3−Ta2O5 superstructures 

are obtained below 10% of Ta and show isolated TaO6 octahedra. Between 10 and 25% of Ta, 

TaO6 structural motives related to the pyrochlore structure appear and give rise to the so-

called Type II superstructure.96,98 

In the A2B2O7 pyrochlore structure A and B cations are arranged in a fcc sublattice like in the 

fluorite network, while the O2− anions form AO8 and BO6 coordination polyhedra. In this kind 

of compounds, three different structural motives involving the B species can be discerned 

(Figure 1.8):  

 strings of BO6 octahedra oriented towards the <110> directions;  

 tetrahedral B4O18 clusters, arising from the interconnection of two BO6 strings;   

 B7O30 clusters formed by two corner-sharing B4O18 tetrahedral clusters.  

Because Bi2O3−Ta2O5 solid solutions have an A:B ratio that is larger than 1 (with A = Bi, B = 

Ta), they show less interconnection between the octahedra with respect to the ideal pyrochlore 

structure, giving rise to “inflated pyrochlore” structures.93 To properly account for the long-

range order in M5+-doped bismuth oxides, as required by the structural models based on 
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diffraction data, it was necessary to allow for a 3D incommensurate superlattice 

ordering.22,99,100  

Although long range superstructures were characterized extensively in recent years by using a 

variety of structural techniques, such as synchrotron X-Ray Diffraction (SR-XRD), Electron 

Diffraction (ED),96 High Resolution TEM98 and Neutron Powder Diffraction (NPD),22 there is 

a lack of studies about the local environment of cations in Ta-doped bismuth oxide, while a 

deeper knowledge of  the local structure around the dopant site would help to shed light on 

the role of the dopant in the stabilization of the δ-phase at room temperature and on the 

structural features that govern oxygen-ion conduction inside this material. 

 

 a)         b) c) 

 

d) 

Figure 1.8  a) Pyrochlore-like A2B2O7 b) isolated BO6 octahedra, c) tetrahedral B4O18 clusters 

and d) strings of BO6 corner-sharing octahedra.     
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2.3. LaGaO3 

Doped LaGaO3 (LG) represents one of the top performing oxygen-ion conducting electrolytes 

known so far.12,101–104   

This material is a perovskite-type oxide with ABO3 structure belonging to the orthorhombic 

Pbnm (Figure 1.9) space group. The A cations have a 12-fold coordination with oxygen and 

an approximately cubic coordination with BO6 octahedra. Due to the high structural flexibility 

typical of perovskite materials, doping with small percentages of Sr2+and Mg2+ on the A and 

B sites, respectively, allows LG to accommodate a large concentration of anion vacancies, 

according to the following equations: 

2LaLa
x + 2SrO + Oo

x  2SrLa
’ + VO

∙∙ + La2O3  

2GaGa
x + 2MgO + Oo

x  2MgGa
’ + VO

∙∙ + Ga2O3 

This doping with bivalent species allows reaching very high anionic conductivity, around 0.14 

S/cm at typical IT-SOFC operating temperatures, for the compositions 

La0.9Sr0.1Ga0.9Mg0.1O2.85 (LSGM1010), La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM1020) or 

La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM2020).26–29,104,105 Moreover, a thermal expansion coefficient 

(TEC) of about 11.5x10-6 K-1, is compatible with the most common SOFC electrodes.  

However, some drawbacks must be taken into account. For example, secondary phases due to 

the loss of Ga2O3 at sintering temperatures (around 1400°C) are usually formed during the 

preparation of the ceramic electrolyte, even if the presence of these phases does not 

drastically affect the conduction properties of the material.30,31 Another problem related to the 

long term durability of the complete cell is that the mechanical and bending strength of this 

electrolyte at operating temperatures is not very good.104 

 

Figure 1.9 LaGaO3 unit cell belonging to the Pbnm space group. Ga octahedra are depicted in 

green, O atoms in red and La atoms in blue. 
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Dopant and co-dopant effect on the ionic conductivity 

As previously described, doping La3+ and Ga3+ with alkaline earth elements, such as Sr2+ on 

the A-site and Mg2+ on the B-site, leads to a high anionic conductivity of LG materials (See 

Figure 1.2), due to the incorporation of VO defects that are absent in the pure compound. In 

this way, La1-xSrxGa1-yMgyO3-δ phases are formed, and the best conductivity values, that are 

definitely higher than YSZ at 800 °C, are found for x=0.10-0.20 %mol and y=0.15-

0.20%mol.26–29,104  

The effect of other alkaline earth metals has been tested both on the A and B site, but Sr2+ and 

Mg2+ (1.44 Å and 0.72 Å) have similar size compared to La3+ and Ga3+(1.36 Å and 0.62 Å), 

leading to the lowest size mismatch (and to the less amount of distortion) between dopant and 

regular site cations. Indeed, Ishihara et al. and Stevenson et al. tested Ca2+, Sr2+and Ba2+ 

doping on the A-site and demonstrated that ionic conductivity is higher in the case of Sr2+.27,33  

It was further explained through Pair Distribution Function (PDF) analysis and Density 

Functional Theory (DFT) simulations, that the decrease in ionic conductivity in Ba-doped 

lanthanum gallate (La0.95Ba0.05Ga0.8Mg0.2O3-δ) can be ascribed to a defect interaction between 

Ba2+ and VO that limits oxygen-vacancy mobility.106 On the other side, if Ba2+ is used as co-

dopant together with Sr2+ on the La3+ site (La0.8Sr0.2-xBaxGa0.8Mg0.2O2.8), an increase of 

conductivity of 44% with respect to LSGM was observed (i.e. La0.8Sr0.15Ba0.05Ga0.8Mg0.2O2.8 

has 0.047 S∙cm-1 at 800°C).107  

From a computational viewpoint, Khan et al. tried the entire alkaline and alkaline-earth metal 

series, on the A and B-sites and demonstrated that Sr2+ and Mg2+ have respectively the lower 

solution energy (Figure 1.10).108  

 
Figure 1.10 Trend of the solution energy as function of the ionic radius of alkaline and 

alkaline earth series on both La A-site (left panel) and Ga B-site (right panel).108 
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Co-doping of the La3+ A-site with small amounts of rare-earth cations such as (Pr, Nd, Sm, 

Gd, Y, Yb) has also been tried and compositions like (La0.9Nd0.1)0.8Sr0.2Ga0.8Mg0.2O3-δ and 

La0.45Pr0.4Sr0.2Ga0.8Mg0.2O2.85 seem to have a lesser effect on the electronic conductivity than 

other rare earth dopants, while maintaining a good ionic conductivity.104,109  

For what concerns the B-site, Mg2+ was proved to be the most effective dopant to enhance 

ionic conductivity.104 While co-doping with Ni, Mn and Cr increases electronic conductivity, 

adding small amounts (about 5-10%mol) of Co or Fe minimize the ohmic resistance of the 

electrolyte and the overpotential of anodes and cathodes, maintaining an oxide-ion 

conductivity similar to the parent LSGM composition.32  

Structural effect of A-site and B-site substitution 

Pure LG has an orthorhombic Pbnm unit cell (see Figure 1.9) until 160°C, where it undergoes 

a phase transition to the R-3c rhombohedral phase, which is maintained up to 800°C. 

Although the two phases have the same local structure, they differ in the respective long-

range arrangements.  

Neutron Diffraction studies have demonstrated that doping with Sr2+ and Mg2+ on the A and 

B sites, respectively, induces a reduction of tilting that is intrinsically present in undoped LG, 

and increases the symmetry of the octahedral sites.110  

Due to the structural flexibility of this material, the amount of dopant introduced on A and B 

sites can also have an influence on the long-range structure: for example, at the limit of no Sr 

substitution, LaGa1-xMgxO3-x/2 (LGM) phases are obtained. Introducing 10%mol of Mg on the 

B site110 leads to the orthorhombic Ibmm space group, while 20%mol does not modify the 

symmetry of the lattice and the original Pbnm space group is maintained, with only an 

expansion of the cell parameters with respect to pure LG. At this composition, the 

Goldschmidt tolerance factor approaches the value of 1 and GaO6 octahedra are close to the 

regular ones, with a slight lengthening of the Ga-O bond distances and a decrease of the 

tilting angle between adjacent Ga polyhedra. Some studies also report that, when 20% of Sr is 

introduced on the A site, a La1-ySryGa1-xMgxO3-(x+y/2) phase with tolerance factor equal to 1 

and a cubic Pn-3m symmetry is obtained. In this case, GaO6 octahedra show a shorter Ga-O 

average distance and the distortion in the perovskite is considerably lowered or even 

cancelled out.111 For co-doping with cobalt on the B-site, Stevenson et al. reported the 

presence of a cubic, orthorhombic or rhombohedral phases.33  
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It is well acknowledged that the remarkable structural flexibility of doped LG certainly plays 

a determining role in the anion conduction mechanism inside the electrolyte, so that an 

intense research activity has been devoted to correlate dopant-vacancy interaction phenomena 

with oxygen-ion diffusion, both computationally and experimentally. Several studies exist 

about long-range characterization of lanthanum gallate through X-Ray Diffraction (XRD), but 

to the best of our knowledge there are no studies that can be found about the short-range 

characterization through X-Ray Absorption Spectroscopy (XAS). A detailed short-range 

characterization would allow completing the information about the local structure of doped 

LG that, together with an ab initio computational analysis of both dopant preferential 

configuration and dopant-vacancy interaction would shed light on the oxide-ion diffusion 

mechanism. 

Vacancy interaction with B-site cations 

LG B-site analysis is pivotal for the determination of the oxygen-ion diffusion mechanism. A 

better understanding of the interplay between B-site occupation and oxygen vacancy position, 

correlated with both the energetics of the system and the local structure distortions, would be 

extremely useful to shed light on the structural features that favour or hinder oxygen-ion 

transport. 

From a modelling point of view, atomistic techniques have been extensively used to probe 

dopant vacancy interaction in lanthanum gallate electrolyte.108,112,113  

Khan et al.108 computed binding energies (Ebinding) for vacancy interaction with the A-site and 

B-site cations in an orthorhombic phase and found that oxygen vacancies tend to be “trapped” 

by Mg2+ defects with Ebinding (Mg’
GaV0

∙∙) = -1.77 eV, while there is less interaction with the 

Sr2+ defects, with Ebinding (Sr’
LaV0

∙∙)=-0.37 eV. This result is in agreement with the increase of 

activation energy and decrease of ionic conductivity at higher Mg2+ concentrations 

experimentally found for La0.8Sr0.2Ga1-yMgyO3-δ, but disagrees with recent solid state NMR 

experimental findings and theoretical studies on doped lanthanum gallate.114,115 In particular, 

a recent theoretical investigation, based on a DFT approach combined with experimental 

NMR measurements on 71Ga, 25Mg and 17O nuclei for pure and doped lanthanum gallate, has 

demonstrated that oxygen vacancies are mainly set on Ga sites, while Mg coordination is 

found to be mainly octahedral. Moreover, chemical shifts on 17O nuclei, which are found to be 

sensitive to distinguish equatorial (Oeq) and axial (Oaxial) oxygen atoms in GaO5Vo local 

environments, revealed a heavily distorted square pyramidal geometry, with a shortening of 

0.08-0.09 Å of the Ga-Oaxial bond length. In addition, various configurations of the vacancy 
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with respect to Ga and Mg B sites in LaGa1-xMgxO3-x/2 were already investigated by DFT 

calculations, considering three different Mg concentrations. In all cases, the Ga-Vo-Ga 

configurations were found to be the most stable ones. Nevertheless, for the x=0.250 

concentration, the energetic range of the configurations was 16 kcal∙mol-1, while it was only 

half this value for the x=0.050 and 0.125 cases, with a modest energy difference between the 

Ga-Vo-Ga, the Mg-Vo-Ga and the Mg-Vo-Mg configurations, suggesting only a slight 

energetic preference for the Ga-Vo-Ga configuration. 113  

 

Oxygen-ion diffusion mechanism 
Another experimental NMR study confirmed that oxygen vacancies are mainly localized 

between two Ga atoms in bi-pyramidal coordination in the O1 apical position. The dynamics 

of the diffusion was modelled and two types of oxygen-ion motion were highlighted: i) slow 

diffusion-type random walk and ii) fast back and forth local jumps between two adjacent 

anion sites, that had different probability of Vo formation.115  

Islam et al. investigated oxygen-ion diffusion through atomistic methods.108,112,113 The defect 

energy was computed along the diffusion path, allowing the lattice to relax at each position. A 

vacancy hopping mechanism along the edges of GaO6 octahedra was highlighted: oxygen-ion 

migrates with a slightly curved trajectory in between two oxygen sites and this process would 

be promoted by the equivalence of the hopping sites of oxygen around B cation. The 

migration energy barrier of O2- = 0.73 eV is in good agreement with some experimental 

findings based on high temperature dc measurements (activation energy of 0.66 and 0.727 

eV) and SIMS data (activation energy of 0.79 eV).113  

In general, while atomistic and Molecular Dynamics (MD) methods have been largely used to 

probe doped lanthanum gallate,108,112,113,116 very few studies based on a DFT approach117,118 

can be found and none of them reports an analysis of the oxygen-ion diffusion path. The 

anionic diffusion of electrolytes is mainly governed by i) the formation of oxygen vacancies 

and ii) the vacancy-mediated oxygen-ion migration. Sampling the potential energy surface of 

O2- diffusion paths in correspondence of the most stable configurations with an ab initio 

method would have the advantage to correlate the anion conduction mechanism with the 

electronic structure.  
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Cobalt co-doping on Mg B-site 

It has been recently reported that co-doping the B site with Mg2+ and very small amounts of 

Co, minimize the ohmic resistance of the electrolyte and the overpotential of anodes and 

cathodes, maintaining an oxide-ion conductivity similar to the parent LSGM composition in 

the temperature range between 500°C and 900°C: compositions like La0.8Sr0.2Ga0.8Mg0.2-

xCoxO3±δ with x=0.05 and 0.10 (LSGMC2005, LSGMC2010) show an O2- conductivity of 0.2 

S/cm at 700°C.32  Cobalt adopts different valence states (+2, +3, +4), depending on the 

temperature and oxygen partial pressure: this probably influences the local environment of Co 

site and consequently the conduction mechanism in LSGMC materials at SOFC operating 

conditions, involving simultaneous oxidizing and reducing environments on the two FC sides. 

Moreover, depending on the oxidation state and local environment, cobalt can show three 

different spin configurations: 

 Low Spin (LS) 

 Intermediate Spin (IS) 

 High Spin (HS) 

Considering the crystal field for an octahedral local environment typical of perovskite B-site, 

Co2+ always adopts the HS configuration (t2g
5eg

2), while Co4+ always adopts a LS 

configuration (t2g
5eg

0). In the case of Co3+, the crystal field become very sensitive to the cobalt 

surrounding species and for this reason it can assume LS (t2g
6eg

0), IS (t2g
5eg

1) and HS (t2g
4eg

2) 

configurations.119  

It is known from TGA data that LSGMC materials show a reversible O2 weight loss in air at 

high temperature, which is thought to be compensated by a reduction of cobalt to Co2+ in two 

steps:33 

From Co4+ to Co3+ OO
x + 2 CoGa

∙ VO
∙∙ + 2 CoGa

x +1/2O2 

From Co3+ to Co2+ OO
x + 2 CoGa

x VO
∙∙ + 2 CoGa

’ +1/2O2 

On the other side, a study on LSGMC2005 tries to correlate the variation of oxidation number 

of Co with PO2 and temperature variations. The study observes that, while in LSGM oxygen 

nonstoichiometry does not depend on temperature and log(PO2),120 in LSGMC electrolytes 

nonstoichiometry is strongly attributed to cobalt valence changes. In particular, oxygen 

vacancy concentration increases as logPO2 decreases and the temperature increases, reaching 
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a plateau at about 3-δ=2.80 (Figure 1.11) These data have been correlated with XANES 

measurements at both 5%H2-1.2% H2O-Ar at 573 K and 100% O2 atmospheres at 473 K, 

revealing respectively Co2+ and Co4+ oxidation states in these conditions.120  

 

Figure 1.11 oxygen partial pressure dependence of oxygen nonstoichiometry of LSGMC2005 

at different temperatures.120  

3. Cation interdiffusion at electrode-electrolyte interface  

3.1. Electrode-electrolyte compatibility  
Chemical/physical compatibility between electrode and electrolyte components has a large 

impact on the overall performances of SOFC devices in terms of working life and ionic 

conductivity throughout the device in both AC-SOFC and PC-SOFC systems. In order to 

ensure robustness and conductivity, electrode and electrolyte materials must exhibit two main 

requirements:121  

 similar thermal expansion coefficients, to avoid mechanical stresses (es. crackings, 

delaminations, etc.) at operating temperatures; 

 limited interdiffusion of chemical species at the interface. 

Even if the materials have similar thermal expansion, cation interdiffusion has a very high 

impact on the long-term durability of the cell and must be minimized, because it can give rise 

to insulating contact phases at the interface between the two components at operating 

temperatures and atmospheres. Moreover, even the co-sintering process of cathode and anode 
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on the ceramic electrolyte can lead to the formation of a contact phase, that can seriously 

affect cell performances since the manufacturing process of the device.122–125  

3.2. Synchrotron X-Ray Microscopy to probe compatibility 

Studying interdiffusion phenomena at the electrode/electrolyte interface requires suitable 

techniques, whose choice is determined by the required resolution and by the type of needed 

information. In this context, compatibility issues have been traditionally investigated by 

means of electron microscopy (EM) techniques, such as Scanning Electron Microscopy 

(SEM), Transmission Electron Microscopy (TEM), High Resolution Transmission Electron 

Microscopy (HR-TEM) and Scanning Transmission Electron Microscopy (STEM).122–125 The 

main advantage in using an electron probe certainly lies in both the outstanding spatial 

resolution (from nm to Å) and in the huge amount of information that can be simultaneously 

obtained about the morphology, the structure and the elemental composition of the sample.  

The use of the techniques based on an electron beam probe allows to perform microchemical 

analysis on cross sections of the electrode/electrolyte assembly and to determine 

concentration profiles across the interface, in order to characterize the extent of cations 

interdiffusion between the two phases.122–125  

Unfortunately, the use of EMs, has some serious drawbacks that can affect or limit the 

interface study. For example, electrons can cause aberrations, due to the electrostatic charging 

of the sample, that can affect the microscopy analysis. The attenuation length of the electron 

beam can be severely affected by the roughness of the surface during SEM analysis. TEM 

imaging requires a complex preparation of the sample, that must be extremely thin (about 100 

nm), due to the strong scattering of the electrons. Moreover, studying interdiffusion 

phenomena at electrode/electrolyte interface requires a deep knowledge and control of the 

local structure around cations, that the EMs are not able to investigate. In some cases, contact 

phases or secondary phases have a composition that is only slightly different from the original 

structure (i.e. interdiffusion of cations inside a perovskite-type lattice), and working with 

diffraction tools is not enough to detect them. 

In this context, even if the resolution is lower than EMs, X-Ray Microscopy (XRM) 

overcomes the drawbacks typical of EM (no electrostatic charging of sample, attenuation 

length of the beam large enough to ensure no influence by the surface roughness - about 1 to 5 

μm - and higher thickness of samples - from 5 to 100 μm) and simultaneously allows to 
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characterize not only the morphology of the electrode/electrolyte interface, but also to obtain 

detailed local structure and chemical state information, which are essential for the design of 

SOFC with higher efficiency and long term durability.126  

Various types of XRMs exist, working in different imaging modes: similarly to EMs 

techniques previously described, XRMs can work in full-field mode, as in Transmission X-

Ray Microscopy (TXM), or scanning mode, as in Scanning X-Ray Microscopy (SXM).  

We have demonstrated in a recent study127 that SXM is an extremely suitable technique for 

investigating compatibility between SOFC materials. This technique allows acquiring X-Ray 

Fluorescence (XRF) elemental distribution maps based on fluorescence contrast by raster 

scanning the sample in two dimensions, using a sub-micrometric beam. Moreover, μ-XANES, 

μ-EXAFS and μ-XRF spectra can be recorded in selected points of the map by varying the 

energy around the absorption edge of the target element: in this way, information about 

elemental and chemical state can be achieved, together with quantitative mapping.  

4. Objectives 

The scientific literature concerning solid state electrolytes is extremely wide and the vast 

majority of the published papers are focused on the synthesis and functional characterization 

of these components. 

The aim of this research is to investigate some of the structural features that have an 

influence on ionic conductivity in fuel cells.  

The focus about electrolyte materials is on oxygen-ion diffusion in fluorite-like and 

perovskite-like structures. To this end, a detailed analysis of the short range structure of 

the materials under investigation, combined with a computational approach, would 

allow to link the properties of these materials with the atomic structure and the 

electronic features. This would help to define criteria for the design of new materials with 

improved properties.  

In particular, two electrolytes for AC-SOFC applications, previously described in Section 2 of 

this chapter, have been studied: 

 Fluorite-like δ-Bi2O3. With its average fluorite-like structure containing intrinsic 

vacancies in its undoped form, the high temperature δ-phase of bismuth oxide is 

considered the reference compound in solid-state anionic conduction, with the highest 

conductivity known so far (1 S∙cm-1 at 750°C).  
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 Perovskite-like LaGaO3. Due to its high structural flexibility, this perovskite-like 

material can host lower-valence dopants on the A and B site, introducing oxygen 

vacancies inside the lattice and reaching a high oxygen-ion conductivity (0.14 S∙cm-1 

at 800°C). 

A combined experimental and theoretical approach has been used in order to probe: 

 the dopant effect on the short-range structure and the local distortions; 

 the interaction between dopant cation and oxygen-vacancy; 

 the preferential paths of oxygen-ion diffusion. 

Combining DFT with X-Ray Absorption Spectroscopy can lead to helpful complementary 

information about doped solid state electrolytes: while XAS allows to disclose the local 

structural features around regular and dopant cations, unveiling distortions and defect 

clustering phenomena, DFT allows to depict an energy stability scale of different 

configurations that sometimes cannot be distinguished by XAS technique accuracy, and to 

draw a detailed picture of the electronic features of the material.  

The mechanism of ionic transport is also strictly dependent on the assembly of the FC 

components, due to cation interdiffusion that modifies the interface chemical composition 

and, in some cases, gives rise to the formation of new phases detrimental for ionic 

conductivity and device durability. To this concern, this thesis proposes also a new 

approach to the issue of electrode/electrolyte compatibility, giving a detailed account of 

the first application of X-ray Microspectroscopy to the structural/elemental analysis of 

the LNC-LSM interface.  

To sum up, in Chapter 2 the theoretical background concerning experimental and 

computational methods used in this work will be described. 

Chapter 3 is dedicated to the investigation of Bi1-xTaxO1.5+x solid electrolyte, with the aim to 

unveil the preferential aggregation motives around the dopant site that are involved in the 

stabilization of the fluorite-like phase at room temperature and shed light on the local 

coordination and electronic structure of bismuth site, which are supposed to play a key role in 

the high conductivity of this material. An overview of the role of V5+ and Nb5+ in the 

stabilization of the δ-phase will be also given, with the aim to draw a comparison between 

different pentavalent dopants.   
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In Chapter 4 results about doped LaGaO3 will be presented and discussed. In Section 1, a 

comprehensive study about LaGa0.875Mg0.125O2.935 material is presented, with the aim to 

understand the influence of Mg doping on the perovskite B-site, which is supposed to be the 

main contribution to the oxygen ion diffusion. The vacancy interaction with the B site, which 

is currently under debate in literature, together with the local distortion around the vacancy 

site (tilting and dihedral distortions) will be deeply analyzed through a configurational study. 

In Section 2 the analysis of oxygen-ion diffusion paths around the B-site on 

LaGa0.875Mg0.125O2.935 electrolyte is reported, with the aim to unravel the activation energy 

barriers around both Ga regular site and Mg dopant site. In Section 3 the influence of co-

doping with Mg and Co on the local structure features around perovskite B-site in La1-

xSrxGa1-y(Mg, Co)yO3-δ will be reported. 

Finally, Chapter 5 reports a detailed study about the first application of synchrotron Scanning 

X-Ray Microscopy (SXM) to the investigation of electrode/electrolyte compatibility. The 

case of study, used to tune the experimental and data treatment protocols, concerns a PC-

SOFC electrode/electrolyte bilayer, composed by the perovskite-like MIEC cathode 

La0.8Sr0.2MnO3-δ and the proton-conducting La0.98Ca0.02NbO4-x electrolyte (LSM/LNC). An 

outlook is also given about the application of the technique to AC-SOFC materials. 
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CHAPTER 2 

THEORETICAL BACKGROUND 
 

In this chapter the theoretical background concerning experimental and computational 

methods used in this work will be described, with the aim to give the reader an overview 

about X-Ray Absorption Spectroscopy and Scanning X-Ray Microscopy techniques with their 

data analysis treatment. Density Functional Theory approach will be also explained.  

 

1. X-Ray Absorption Spectroscopy 
X-Ray Absorption Spectroscopy (XAS) is a synchrotron technique based on the absorption of 

X-Ray beam of suitable energy by an absorbing atom. Basing on the photoelectric effect, the 

absorber emits a photoelectron from a core level to the continuum, and the photoelectron is 

scattered from the surrounding atoms, probing the local structure of the material.   

XAS allows the determination of the local and electronic structure around the absorbing atom. 

Contrary to X-Ray Diffraction (XRD), XAS is selective for a given atomic species and for 

this reason it is particularly suitable to study the local structure around a dopant in a given 

matrix. 

XAS experiments are carried out using synchrotron radiation, which is generated by charged 

particles (typically electrons) in a magnetic field that are forced to move in a curved trajectory 

at relativistic speeds.  

A synchrotron light source (Figure 2.1) is composed by: 

 linear accelerator (linac). Has the task to accelerate electrons until their energy 

reaches several millions of electron volts (MeV) and to inject them into the booster 

ring; 

 booster ring. Gives the electrons coming from the linac a boost in energy from 

millions to billions of electron volts (GeV) and injects the electron beam into the 

storage ring; 

 storage ring. Ultra-high vacuum path made up by an array of magnets for focusing 

and bending the electron beam, connected by straight linear sections. The electrons, 
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constrained to a closed trajectory by the bending magnets, emit electromagnetic 

radiation (the synchrotron light). RF cavities are installed in the storage ring in order 

to restore the energy lost by the electrons during the emission of synchrotron 

radiation; 

 beamlines. The experimental stations that use the emitted beam. 

 

Figure 2.1 Synchrotron ring scheme. 1) linac; 2) booster ring; 3) storage ring; 4) beamlines. 

The high brilliance of the generated beam, its collimation, the wide spectral emission band 

and the high polarization of the beam make synchrotron radiation the ideal probe for XAS 

technique, allowing to study interatomic distances with an accuracy of about ±0.01 Å.  

XAS technique is based (Figure 2.2) on the emission of a photoelectron from a core level of 

the absorbing atom. When an atom absorbs an X-Ray photon of higher energy than the 

binding energy of its core level, a photoelectron is emitted whose kinetic energy is 

Ek=EX-Ray-Ecore                                                                                                                [1.1] 

The emitted photoelectron is scattered by the neighbouring atoms, giving rise to interference 

between scattered and backscattered photoelectron wavefunction. This interference causes the 

modulation of the absorption coefficient μ(E), that contains information about the local 

structure around the absorber. 

1) 
2) 

3) 

4) 
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                              a) b) 

Figura 2.2 a) photoelectron emission scheme. b) X-Ray Absorption Spectrum: XANES and 

EXAFS regions are highlighted.1  

Two main regions can be highligted in a XAS spectrum: 

X-ray Absorption Near Edge Structure (XANES). This region is extended 50 eV before 

and above the edge. It gives information about the oxidation state and the coordination of the 

absorber. In this region of the spectrum multiple scattering has a large influence. 

Extended X-ray Absorption Fine Structure (EXAFS). This region is extended from the 

XANES region up to the end of the spectrum (a thousand of eV). This region can give 

information about the local environment of the absorber in terms of interatomic distances R, 

coordination numbers N and disorder σ2 in the interatomic distances. 

The theory concerning X-Ray Absorption Spectroscopy exposed in this chapter has been 

written basing on the reading of the books “Synchrotron Radiation – Basics, Methods and 

Applications”2,3 given during the “13th School of Synchrotron Radiation: Fundamentals, 

Methods and Applications”,  “EXAFS: Basics, Principles and Data analysis”4 and other 

references listed at the end of this chapter.  
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1.1 X-Ray Absorption 
When X-Rays interact with matter, the attenuation of the beam is described by the Lambert-

Beer law =                                                                                                                                           [1.2] 
where  is the transmitted intensity of photons,  intensity of incoming photons,  is the 

mass attenuation coefficient also called total cross section (cm2/g),  is the density of the 

material (g/cm3) and  is the distance travelled by the photons in the specimen. 

The absorption coefficient  depends on the atomic number of the absorbing atoms and on the 

energy of the incoming beam according to the Victoreen law5  ∝                                                                                                                                                 [1.3]            
The penetration depth ( ) of the X-Ray beam through the sample is given by: 

= 1                                                                                                                                                      [1.4] 
This interaction between a monochromatic X-Ray beam, with frequency = 2 , and a 

specimen of a monoatomic system can be described considering initially an atom in its ground 

state | 〉 of energy . When interacting with an electromagnetic field, the atom absorbs an 

X-Ray photon with energy ħ  and undergoes a transition to its final state | 〉, of energy = + ħ                                                                                                                                         [1.5]  
As previously explained, the photon energy can be used to excite an electron from a core level 

(excitation), or promote it to the continuum (ionization). In the final state, in both cases, a 

core hole is present in the system.   

Golden rule 
This process can be described with a semiclassical approach, by treating the atom in a 

quantistic way, and the electromagnetic field with a classic approach. 

The absorption coefficient ( ) depends on the atomic density of the sample and on the 

transition probability of the absorber from the initial state to the final state: ( ) = (ħ ) = 2ħ                                                                                   [1.6] 
where 

 is the number of atoms per volume unit (atomic density); 

 is the atomic absorption cross section; 
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ħ  is the photon flux, where  is the magnitude of the vector potential of the 

electromagnetic field and  is the dielectric constant in the vacuum; 

 is the transition rate from   | 〉  to | 〉 (probability of transition per unit time). 

According to the time-dependent perturbation theory,  can be expressed as a matrix 

element between the stationary states | 〉 and | 〉. The golden rule is then: = ħ | ′ |                                                                                                             [1.7] 
where H’ is the Hamiltonian operator that describes the interaction between the atom and the 

electromagnetic field, | | is the matrix element between initial and final state and ( ) represents the density of the final states, compatible with energy conservation. The 

interaction Hamiltonian for the photoelectric absorption can be written, to the first order, as: = ħ ∑ ∙ ∇                                                                                                                        [1.8] 
where − ħ∇  is the linear momentum operator of the j-th electron and ( ) is the vector 

potential of the electromagnetic field. By inserting equation [1.8] in [1.7], the transition 

probability for the photoelectric absorption of a photon belonging to a monochromatic 

polarized beam is obtained  = ħ  | ∑ ∙  ∙  |                                                                          [1.9]  
where the sum is over all the electrons inside the atom,  is the momentum of the j-th 

electron,  and k are respectively the polarization unit vector and the wave-vector of the 

electromagnetic field; ( ) is the density of the final states, with = + ħ . 

In order to carry out the calculation of equation [1.9], the approximations quoted below are 

usually applied. 

One-electron approximation 
The calculation of the initial state | 〉 is relatively simple, because this state corresponds to 

the ground state of the atom. A more complex problem is constituted by the calculation of the 

final state | 〉 because it involves a many-body interaction due to the absorption of the X-

Ray photon that simultaneously involves all the electrons of the system. 

Indeed, the absorption coefficient is given by the sum of elastic and inelastic contributions: ( ) = ( ) + ( )                                                                                                             [1.10]  
A large fraction of the absorption coefficient involves elastic transitions, where only one 

electron changes its state from   | 〉  to | 〉  and the other N-1 electrons relax their orbitals 
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around the core-hole. The remaining fraction  of the absorption coefficient is caused by 

shake-up/shake-off processes, where the primary excitation of the core-electron causes 

secondary excitation of electrons from higher levels. In this case, the photon energy is 

distributed among all the excited electrons (inelastic transitions).  

The elastic contribution can be written as: ( ) ∝ | ∙ ∙  |                                                                   [1.11] 
where  is the Slater determinant of the wavefunction of the passive N-1 electrons and ψf, 

r, p and  are respectively the wavefunction, the vector position, the momentum and the 

final energy of the active electron. In this way, the interaction Hamiltonian operates on one 

electron. 

Dipole approximation  

Coming back to equation [1.9], if ∙ ≪ 1 the wavelength λ is much larger that the 

dimension of the system and the electric field can be considered constant in the analyzed 

region. This leads to the dipole approximation and equation [1.9] can be rewritten as = (− ) | ∑ ∙  ∙  |                                                                          [1.12] 
In the one-electron approximation, the electromagnetic field interacts only with a core 

electron, whose extension is smaller than the X-Ray wavelength. 

The dipole approximation is valid for K-edges up to 20-25 keV, and within this 

approximation angular momentum selection rules are valid: ℓ = ±1,         ∆ = 0,         ∆ = ±1,0,         ∆ = 0 
For one-electron transitions, the selection rule ℓ = ±1 means that: 

 If the electron is extracted from a s level (ℓ=0, K and L1 edges), its final state will be a 

p symmetry state, with ℓ=1. 

 If the electron is extracted from a p level (ℓ=1, L2 and L3 edges), its final state will be 

a s or d symmetry state, with ℓ=0 or ℓ=2. 

It must be also said that dipole-forbidden transitions can also give non-negligible 

contributions to pre-edge and edge fine structure (typical case is the pre-edge peak in 

tetrahedral coordination complexes). 

Sudden approximation 
According to the sudden approximation, the interaction between the photoelectron with the 

passive electrons can be neglected in the EXAFS region, if the photoelectron energy is high 

enough. According to the sudden approximation, the initial and final states of the atoms can 
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be factorized, separating the initial and final states of the active electron, | 〉 and | 〉, from 

the states | 〉 and | 〉 of the N-1 passive electrons 

( ) = = ∙                                                               [1.13]  
where  is the superposition integral:  = | |                                                                                                                      [1.14]  

 has generally a value in the range 0.7-0.9, and gives an evaluation of the fraction of total 

absorption due to elastic transitions (if the N-1 passive electrons ideally undergo no 

relaxation, the elastic component  would be the only contribution to ( ) in  [ . ] and  would be 1). This approximation holds in the EXAFS 

region starting from about 10 eV above the edge. 

De-excitation mechanisms 

When a core-hole is created after the interaction between an X-Ray photon with the absorbing 

atom, two competitive de-excitation mechanisms can take place: 

 Radiative de-excitation (fluorescence): the core-hole is filled by an electron from a 

higher level and this energy is released as an X-ray photon. Fluorescence emission is 

typical of high Z elements. 

 Non-radiative de-excitation (Auger emission). The core-hole is filled by an electron 

from a higher level and the photon produced by this transition ejects another electron 

from an higher shell (Auger electron). The Auger emission is typical of low Z 

elements. 

The probability of de-excitation mechanisms will determine the core-hole lifetime. The higher 

is the atomic number of the element (Z), the higher is the number of higher levels that can re-

fill the core-hole, and the shorter is the core-hole lifetime τ. The core-hole lifetime will 

determine the time during that the photoelectron explore the local structure around the 

absorbing atom. 
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1.2 The EXAFS function 
Monoatomic system 
Basing on the previous analysis, the final photoelectron stationary state | 〉 contains the 

local structure information. | 〉 can be computed in many different ways, but it is generally 

treated basing on the Multiple Scattering (MS) formalism. Nevertheless, in the EXAFS region 

this formalism can be simplified and the Single Scattering (SS) approximation can be used.  

 As previously seen, the absorption coefficient in the one-electron approximation can be 

written as ( ) ∝ | ∙  |                                                                                                    [1.15]  
Supposing the inelastic contribution being null ( = 1), in the EXAFS region of the 

photoelectron the photoelectron density of final states ( ) varies slowly with the energy 

and the EXAFS oscillations are entirely described by the matrix element, where | 〉 and | 〉 
are the initial and final states of the photoelectron.  

If a K-edge is considered, for an isolated atom, the photoelectron is ionized from the atom and 

its final state | 〉 is a spherical wave with ℓ=1. 

The photoelectron wave vector k can be described by the following equation 

= ħ =  (2 /ħ (ħ − )                                                                                        [1.16]  
where  is the binding energy of the photoelectron. 

For an isolated atom, ( ) is called atomic absorption coefficient and it can be written as ( ) ∝ | ∙  |                                                                                                              [1.17]  
If the atom is not isolated, after the ejection from the core level, the photoelectron interacts 

with the surrounding atoms and undergoes to scattering. 

In the EXAFS region the photoelectron energy is much higher than the interaction energy 

with the surrounding atoms and therefore the interaction can be treated as a weak perturbation 

of the final state of an isolated atom. Then, the absorption coefficient can be written as ( ) ∝ | + ̂ ∙  |                                                                                                   [1.18]  
where  is the backscattered wave. The interference of this backscattered wave with the 
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outcoming wave  causes a modulation of the total wavefunction of the final state and 

modifies its superposition integral with the initial state wavefunction . 

The normalized EXAFS function will be defined as  

( ) = ( − )                                                                                                                               [1.19] 
where μ is the absorption coefficient and  the atomic absorption coefficient. The absorption 

coefficients of the equations [1.17] and [1.18] can now be inserted into the equation [1.19] 

( ) = 2 ∫ ( ) ∙  ∗( ) ∗( ) ∙ ( )∫ | ∗( ) ∙  ( )|                                                   [1.20] 
Biatomic system 

In this section, a biatomic system A-B, where A is the absorbing atom, B the backscattering 

atom, RB the vector position will be considered at the K-edge. 

 

 

Figure 2.3 different regions of potential considered in the muffin-tin scheme. 

A muffin tin potential is generally used to describe the system. According to this scheme, 

three regions of potential (Figure 2.3) are defined in the A-B system: 

I. spherical potential centred on the A atom; 

II. constant potential in the interatomic region; 

III. spherical potential centred on the B atom; 

the perturbation  can be described by following step by step the photoelectron path.  

The initial state wavefunction  (1s orbital, ℓ=0) is confined at the centre of the region I.  
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At the same time, also the isolated final state wavefunction  with ℓ=0 must be described 

only at the centre of region I, in order to evaluate the superposition integrals of equations 

[1.17] and [1.20]. 

At the border of region I. the radial part of the photoelectron can be approximated for high 

enough energies ( ≫ 1) as  

                                                                                                                                       [1.21]
 where δ1 takes into account the effect of the potential of region 1. 

The interaction between the photoelectron and the backscatterer atom B in the region III will 

be now considered. The scattering between the photoelectron and the B atom can be restricted 

to a very small region if the photoelectron has high enough energy to consider significant only 

the interaction with the inner electrons of the B atom (small atom approximation). 

Moreover, the curvature of the spherical wave incoming on the B atom can be neglected  

(plane wave approximation). 

The process can now be described as a complex amplitude ( , )of backscattering from B 

to A ( , ) = ∑ (−1)ℓ(2ℓ + 1) ℓ sin ℓℓ                                                                           [1.22]  
where ℓ is the partial-wave phase-shift. The radial part of the backscattered wave at the limit 

of region III will be  

[ ]    ( , )                                                                                              [1.23] 
 where [ ] is the wave impinging on B and [( / ′)] the wave scattered by B, 

with r' being the distance from atom B. 

The final wavefunction can be factorized as  

 ( , )                                                                                                [1.24]
where the phase-shift δ1 takes into account the effect of the potential on region I on the 

backscattered wavefunction. In this way, the perturbation is described as a series of 

interaction factors and propagators. 

By inserting equation [1.24] in [1.20]  
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( ) = 3( ∙ ) ( , )                                                                         [1.25] 
Magnitude and phase of the complex backscattering amplitude can be separated  ( , ) = | ( , )|                                                                                                          [1.26] 
and equation [1.25] can be rewritten as: ( ) = 3( ∙ ) | ( , )| sin[2 + ( )]                                                               [1.27]  
Equation [1.27] represents the standard form of the EXAFS signal, which is characterized by 

sinusoidal oscillations, where the phase of the sine function is modified by the phase shift ( ). 

Polyatomic system 

For a system with N-atoms the treatment of the EXAFS function is relatively simple if the 

photoelectron Multiple Scattering is neglected, even if MS is not always negligible. In the 

Single Scattering (SS) approximation, the EXAFS function can be built up as the sum of 

many biatomic contributions: 

( ) = ∑ ( , )                                                                               [1.28]  
where Rj is the distance of the j-th atom from the absorber. 

A series of corrections must be taken into account for many-atomic systems and will be 

described in the following sections. 

Inelastic effects 

Inelastic effects are not taken into account in the previous treatment of EXAFS equation. 

Indeed, two main inelastic effects can be highlighted: 

 intrinsic inelastic effects: are caused by multiple excitations that modify the photoelectron 

energy and the interference between incoming and outcoming waves. The intrinsic 

inelastic effects cause a reduction in the coherent EXAFS signal that is corrected by the 

previously described  factor. 

 extrinsic inelastic effects: are referred to the photoelectron mean free path λ. The 

photoelectron mean free path is affected by two phenomena: i) the core-hole lifetime τh 

(depending on Z) that describes the maximum distance ( = ) explored by the 
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photoelectron before de-excitation of the absorbing atom; ii) the energy-dependent 

photoelectron mean free path ( ), that is caused by the inelastic collisions of the 

photoelectron with electrons outside the absorbing atom. The total λ can be written as 1 = 1 + 1                                                                                                                                 [1.29] 
It must be said that at low energies, in the XANES region, λ is determined by  contribution, 

while in the EXAFS region is determined by . 

Therefore, the EXAFS equation can be modified taking into account inelastic contributions 

( ) = ( )  ( , )                                                              [1.30]  
If the backscattering atoms are organized in coordination shells, each one made up of Ns 

atoms at distance Rs, where the s index labels the coordination shells, the previous equation 

can be rewritten as 

( ) = ∑   ( , ) ( )                                                             [1.31]  
Multiple Scattering effects 

MS events are generally more important in the XANES region and are weak in the EXAFS 

part of the absorption spectrum. In order to take into account the MS effects, the absorption 

coefficient can be written as: ( ) = ( ) 1 + ( ) + ( ) + ⋯ ( ) + ⋯                                                                 [1.32] 
where p is the number of bonds involved in the MS path. The term ( ) ≡ ( ) corresponds 

to the single scattering contribution that will be considered in the following discussion. 

Indeed, this series is fast convergent in the EXAFS region. 

The MS contribution can be expressed as ( ) = , { } sin[ + , { } ]                                                                           [1.33] 
where { }  is the set of vector distances inside a path and  is the total path length; the 

amplitude  and the phase-shift  are functions depending on the potential acting on the 

photoelectron. 
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Disorder effects 

Disorder effects are not taken into account in the previous equation, which is referred to a 

system where atoms are frozen at their equilibrium position.6 

Indeed three types of disorder generally can affect the system: 

 static disorder: it is generated by the presence of structural disorder that modifies the 

distribution of the interatomic distances;  

 compositional disorder: the presence of different type of atoms in the same 

coordination shell generates disorder, which in this case is called compositional disorder; 

 dynamic disorder: it is caused by thermal vibrations that are not negligible, even at 0 K. 

The amplitude of thermal vibrations increases with temperature. 

The EXAFS formula must be therefore corrected also for disorder contribution, so obtaining 

the standard EXAFS equation: 

( ) =   ( )| ( , )| sin[2 + ( )]                                            [1.34] 

The term exp(-2k2
s
2) is generally referred to as the Debye Waller factor of EXAFS and takes 

into account the distribution of the s-shell absorber-backscatterer distance. 

1.3 Experimental setup 
X-Ray Absorption Spectroscopy measures the X-Ray absorption coefficient as function of the 

photon energy. The experimental apparatus of a XAS beamline, drawn in Figure 2.4, is 

composed by an optical part (monochromator and X-Ray mirrors) and a measurement 

apparatus (sample holder and detector). 

Monochromator: is the device that, basing on X-Ray diffraction (Bragg law), selects the 

energy of the beam from the synchrotron radiation spectrum and allows performing scans in a 

selected energy range.  

X-Ray mirrors: have the task to reject harmonics, collimate and focalize the beam. By 

choosing the incidence angle of the beam on the mirrors, only the fundamental wavelengths 

are reflected, while the harmonics are rejected.  

Sample holder: it can be chosen according to the experimental needs. Measurements can be 

acquired at:  
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 low temperature, in order to characterize the local structure of materials at 

static disorder conditions, cancelling out thermal disorder effects. In this case, 

the measurement is carried out at liquid nitrogen (77 K) or liquid helium (4 K) 

temperature using a cryostat; 

 high temperature, if temperature-dependent phase transitions, lattice dynamics 

or other types of temperature effect has to be probed, suitable cells can be used 

(e.g., the “microtomo furnace”, see Chapter 4); 

 high pressure, performed with cells that can reach up to tens of GPa; 

 catalytic conditions. To this end, measurements are carried out in suitable 

reactors, at operating conditions (temperature, gas atmosphere, etc.).  

Detector: has the task to measure the absorption coefficient of the selected element according 

to 

= ln                                                                                                                                         [1.35] 
where  is the incident photon flux,  is the transmitted one and  is the distance travelled 

by the photon through the specimen. 

Two different type of detection have been used in this work and each one requires a particular 

type of detector: 

 Transmission measurements. The photon fluxes  and  are measured by 

two ionization chamber detectors. Ionization chambers transform the fluxes in 

two low intensity electric currents I0 and I (10-10-10-8 A). The absorption 

coefficient ( ) is then given by ( ) = ln = ln −                                                                           [1.36]  
where  is a constant depending on the detector efficiency. The thickness of 

the sample ( ) must be of the order of magnitude of 10 μm, in order to avoid 

low signal-to-noise ratio. Transmission measurements are not suitable for 

diluted samples or for surface characterization. 

 Fluorescence measurements. Fluorescence detectors are often solid state 

detectors or crystals and have different tasks, such as ensuring the 

minimization of Compton scattering background and cancel out unwanted 

fluorescence lines. Fluorescence measurements are very suitable for diluted 

and thin samples. In this kind of setup, the final intensity  of the fluorescence 
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beam emitted at the fixed frequency  of the absorbing atom A, is measured 

as a function of the incident X-Ray energy. At an angle of 90° between  and 

 the noise due to the scattered photons is minimized. 

 

 

 
Figure 2.4 Scheme of the principal components of a XAS beamline.38 

 

1.4 Data analysis 
EXAFS data analysis involves the following analysis steps: 

 Extraction of the EXAFS signal χ(k). It is different depending on the detection 

method used. For example, considering a transmission experiment at the K-edge of a 

given element, the K-edge absorption coefficient ( )  is extracted from the 

experimental signal by ( ) = ln − ( )                                                                                                [1.37] 
where  represents the other excitations of considered element plus the excitations of 

the other elements of the specimen. In the pre-edge region, ( ) = , while 

above the edge ( )  is calculated from  = Cλ − Dλ + σ NZA                                                                                                 [1.38] 
The photoelectron wave vector is experimentally defined as 

= 2ħ (ħ − )                                                                                                           [1.39] 
where Es is usually chosen at the first inflection point of the absorption edge.  

The difference = −  between the binding energy of the core electron and Es is 

a priori unknown. E0 is generally treated as a free parameter in the fitting procedure. 
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Nevertheless, the same criterion must be used in the choice of Es for the sample and 

the reference compound. 

The evaluation of μ0, necessary in order to calculate the EXAFS function  ( ) =                                                                                                                           [1.40]  
is usually carried out by a polynomial spline curve that represents the average of the 

oscillations of the experimental .  

 Fourier Transform and back-transform. Once the EXAFS signal ( ) is obtained, 

it is possible to start the fitting procedure. The preferred method to cope with the high 

number of parameters to be refined consists in isolating the contribution of the 

different coordination spheres of the absorber by applying a Fourier Transform (FT) 

filtering. 

First of all, the FT from the  space to the  space must be applied 

( ) = ( ) ( ) exp(2 )                                                                      [1.41] 
In equation [1.41] ( ) is a window function that reduces the spurious oscillations 

induced by the finite  range,  can be = 1 − 3 and it is used to enhance the low-  or high-  regions of the signal. Usually the -range is chosen starting from > 2 − 4, in order to cancel out the low-  region, where the EXAFS equation is 

not valid, due to a low signal to noise ratio. The amplitude of F(r) | ( )| = [ ( )] + [ ( )]                                                                                 [1.42]  
does not represent a real radial distribution function, because the position of the peaks 

is shifted at shorter distances, due to the phase shift  of each scattering path. Some 

general hints that should be taken into account for the FT analysis are: i) peaks found 

at lower distances than the first shell peak are symptomatic of a bad evaluation of , 

involving that the extraction procedure must be repeated; ii) the comparison of 

different FT for the same sample is useful to highlight effects induced by temperature, 

pressure, chemical environment, etc.; iii) the comparison between different samples 

can highlight the structural differences in terms of interatomic distances and disorder 

effects; iv) peaks not corresponding to interatomic differences can be diagnostic of 

marked multiple scattering effects. The contribution of selected scattering paths can be 

determined by applying the inverse FT (back-transform) in a given −  

interval 
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( ) = 2 ( ) ( ) exp(−2 )                                                                  [1.43] 
The real part of this back-transform represents the filtered signal, which is cleaned up 

from the artefacts introduced by the FT and back-scattering procedure. 

 Quantitative determination of structural parameters. Once the EXAFS signal is 

obtained, it is possible to refine the structural parameters ,  and  previously 

described. To this end, it is necessary to know the physical parameters that appear in 

the EXAFS formula: the scattering amplitudes | ( )|, the phase shifts ( ) and the 

inelastic factors  and ( ). The majority of the data analysis packages pinpoint the 

relevant SS and MS paths and perform an ab initio calculation of these physical 

parameters for each path (we will compare this procedure for FEFF8,10 and 

GNXAS8,11,12 codes in the next section). The theoretical ( ) signal, generated 

from a starting model structure, is then compared with the experimental one, ( ), 
through a minimization procedure. The maximum amount of information that can be 

extrapolated from EXAFS data can be evaluated by means of the Nyquist formula: ≈ 2∆ ∆ + 2                                                                                                                  [1.44] 

where ΔK is the range in the k space, ΔR is the R range of the Fourier Transform and 

N is the number of independent points. As a guide-criterion, the number of fitting 

parameters (P) and the degree of freedom (ν=N-P) should be kept to a value which is 

the half of N. 

= = 2                                                                                                                             [1.45] 
 

GNXAS and FEFF  

Data analysis methods based on the use of the SS and plane wave approximations are not 

suitable for fitting beyond the first coordination shell.7–9 In order to perform a correct 

prediction of low-angle scattering effects and expression for MS contributions, it is necessary 

to use a spherical wave approach. 7–9 Advanced methods based on ab initio simulations of the 

X-Ray Absorption cross section have demonstrated to be highly effective in the short range 

characterization of condensed matter.7–9 XAS spectra and excited states electronic structure 

are deeply connected, and the many-body interactions can be efficiently described by the one-

electron Green’s function of the system. The theoretical development of methods based on 
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this concept is mainly focused on the inclusion of MS terms and on the use of optical 

potentials capable to account for inelastic effects. Advanced data analysis packages based on 

these methods have been developed, and the most known codes for XAS data analysis are 

currently FEFF,8,10 GNXAS8,11,12 and EXCURVE8,13. The difference between these codes lies 

in the way the MS terms are taken into account and in the configurational average 

computation. 

In this work FEFF910 and GNXAS11,12 approaches have been used to compute the physical 

parameters of the solid-state electrolytes under analysis. 

Let us make a brief comparison of the two methods used. Figure 2.5 shows a comparison 

between data analysis performed with FEFF910 code (fitting procedure carried out with 

Viper14) and with GNXAS11,12 for undoped LaGaO3 at Ga K-edge. 

GNXAS. In this method, the local environment around the absorber is decomposed into 

configurations containing 2,...,n atoms. The EXAFS signal is calculated by the expansion of 

the signal as the sum of , , … , ( ) n-body contributions, which take into account all the 

possible SS and MS path within a n-atom configuration. Each  ( ) signal accounts for an 

infinite number of MS terms and as consequence the expansion results in a better convergence 

rate than the MS series. During the fitting procedure, for MS paths of higher order than 2-

body configurations, the angles describing a given MS path are also refined. This approach is 

particularly suitable for amorphous systems15 and in those situations where a detailed 

characterization of the angles is required, as needed in this work for the study of tilting angles 

in the perovskite-like lanthanum gallate described in Chapter 4. 

FEFF. In this procedure, given a model cluster, all the possible MS paths around the 

absorbing atom are identified and parameterized similarly to SS paths, with a path-by-path 

MS approach (Rehr-Albers formalism).8,9,16,17,18 A routine (the so-called “heap algorithm”) 

evaluates the high number of paths and retains only those that are shorter than a given path-

length cut-off.  For what concerns degeneracy, only those paths with amplitudes above a 

selected cut-off are considered. These filters ensure that only a small part of MS paths within 

the model cluster need to be computed (usually around 100 paths).  

Extraction and fitting procedures can be carried out with various ad hoc programs.14,19 In this 

work, Viper14 software has been used to carry out these procedures for Ta-doped bismuth 

oxide fluorite-like system (Chapter 3) and for EXAFS data analysis in the electrode-

electrolyte compatibility study (Chapter 5). 
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Figure 2.5 Example of EXAFS data analysis performed with FEFF (fitting procedure 

achieved with Viper) and GNXAS.  

 

2. X-Ray Microscopy  

The same theoretical principles explained for XAS technique are valid also for Scanning X-

Ray Microscopy. 2,3,20 

As previously seen, when X-Rays interact with matter the attenuation of the beam is described 

by the Lambert-Beer law =                                                                                                                                           [2.1] 
 depends on the atomic number of the absorbing atoms and on the energy of the incoming 

photons: ∝                                                                                                                                                 [2.2]  
The penetration depth ( ) of the X-Ray beam through the sample is given by: 

= 1                                                                                                                                                      [2.3] 
The interaction of the X-Rays with the sample is described by the complex index of refraction 

: 
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= 1 − −                                                                                                                                      [2.4]  
where  is the refractive index decrement (real part) and  is the absorption index (imaginary 

part). While  depicts photon refraction,  evaluates the attenuation of photons in the 

material, and it is linked to   through the relation: 

= 4                                                                                                                                                  [2.5] 
 can also be described in the X-Ray range by:  ( ) = ( ) + ( ) + ( )                                                                                                [2.6]   

where ( ) is the photoelectric mass absorption coefficient (absorption of X-Rays), ( ) 

is the coherent mass absorption coefficient (coherent scattering, i.e. Rayleigh, Thomson) and  ( ) is the incoherent mass absorption coefficient (incoherent Compton scattering). 

Based on these theoretical considerations, XRMs can use three different types of contrast: 

 Absorption contrast: is based on the measurement of the imaginary part  of the 

complex index of refraction  (equation 2.4). The sample is irradiated with X-Ray 

photons having an energy which is slightly higher than the ionization threshold of 

an atomic core level of the target element: a photoelectron is ejected in the 

continuum and the X-Ray intensity transmitted by the sample is measured giving 

rise to an absorption edge, which depends on the atomic number  (equation 2.2). 

This type of contrast allows using an EXAFS approach, that gives information 

about the local structure around the absorber, and a XANES approach, that can 

reveal the electronic properties of the absorber (chemical state, electronic 

correlations and density of states). 

 Fluorescence contrast: X-Ray Fluorescence (XRF) is the direct consequence of 

X-Ray Absorption. When the energy of the incoming beam is tuned just above the 

edge of the element of interest, a characteristic fluorescence line of this element 

and of the elements with lower Z in the matrix is also emitted. Fluorescence 

emission is strictly governed by selection rules that govern permitted transitions. 

This type of contrast represents a powerful tool for microchemical analysis. 

 Phase contrast: it is based on the measurement of the refractive index decrement 

 (equation 2.4). This type of contrast is strictly linked to refraction, diffraction, 

interferences, and the phase of the incident X-Rays. It has the advantage to permit 
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the imaging of weakly absorbing materials and to have a high sensitivity for 

sample morphology. This sensitivity to materials with a weak absorption depends 

on the fact that  is inversely proportional to , so it produces significant 

variations when absorption is low. The phase contrast technique is very suitably 

combined with fluorescence, because the former is able to detect low Z elements, 

while the latter can detect elements in trace. 

2.1 Experimental Setup 

In the SXM technique, the beam is focused down to a submicron probe by a fixed curvature 

Kirkpatrick-Baez (KB) mirrors system. The microscope is operated in a vacuum chamber to 

avoid air absorption and scattering of the beam. The change of sample is performed through a 

load-lock chamber. The flat sample is aligned in the focal plane of the KB mirrors with an 

optical videomicroscope, which allows an accurate positioning of the selected region of 

interest. The experimental setup is depicted in Figure 2.6.  

The X-ray fluorescence (XRF) photons emitted by the sample are collected using a 80 mm2 

Silicon Drift Diode (SDD) detector (Bruker, Germany). The sample is raster-scanned in two-

dimensions by the micro-beam using piezoelectric actuators to produce a 2D XRF map. 

A complete fluorescence spectrum is acquired for each pixel, allowing off-line fitting of the 

spectra and deconvolution of the elemental distributions using the PyMca software.21  

In selected spots, a microXRF spectrum can be collected alongside the microEXAFS and 

microXANES signals. 

  

 
Figure 2.6  Scanning X-ray microscopy setup.22 
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3. Density Functional Theory 

DFT is a method to obtain an approximate solution of the Schrödinger equation of a N-

electron system through the replacement of the wavefunction ψ (Hartree-Fock method), 

depending on 3N spatial variables and N spin variables, with the electronic density , which is 

a measurable physical observable: ( ⃗ ) = ∫ … ∫ | ( ⃗ , ⃗ , … , ⃗  )|  ⃗ … ⃗                                                                             [3.1]  
The theory is based on the Hohenberg-Kohn theorems.23 The first theorem proves that any 

observable is a functional of the electronic density ( ⃗) of the system. Then, the electronic 

density state contains all the necessary information to define an atomic or molecular system, 

under the assumption of the Born-Oppenheimer approximation24 that the electrons respond 

instantaneously to the motion of the ions. The first theorem of Hohenberg and Kohn applies in 

particular to the energy functional, which can be written as: [ ] = ∫ ( ⃗) ⃗ +  [ ]                                                                                                       [3.2] 
where (⃗) is the interaction potential between electrons and nuclei and [ ], the 

Hohenberg-Kohn functional, is given by [ ] = [ ] + [ ] + [ ]                                                                                                      [3.3] 
where [ ] is the kinetic energy functional, [ ] is the coulombic classic contribution to the 

repulsion, and [ ] is the non classic contribution to the electron-electron interaction. 

Finding approximate expression for [ ] and [ ] represents the most difficult challenge 

for the DFT-based methods. 

The second theorem of Hohenberg-Kohn states that the ground state energy E0 can be 

obtained variationally: the density that minimizes the total energy is the exact real electronic 

density of the system. 

The electronic density ( ⃗) is described in term of monoelectronic functions called Kohn-

Sham25 spinorbital ( ⃗) ( ⃗) = ∑ | ( ⃗)|                                                                                                                              [3.4] 
the kinetic energy functional [ ] is expressed as the following sum [ ] = [ ] + [ ]                                                                                                                           [3.5] 
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where [ ] is the kinetic energy functional for a system of non-interacting electrons and [ ] is the residual kinetic energy, which is incorporated in the exchange-correlation 

functional [ ] [ ] = [ ] + [ ]                                                                                                                   [3.6] 
that contains all the unknown contributions to the energy of the system. Given an 

approximation for this functional, according to the second theorem of Hohenberg-Kohn the 

best evaluation of E0 [ ] = [ ] + [ ] + [ ] + [ ]                                                                                       [3.7] 
is achieved by a variational procedure carried out to find the electronic density  that 

minimizes E0. 

The Kohn-Sham approach25 involves the definition of the Kohn-Sham equations  [ ∇ + ∫ (⃗ ) r⃗ − ∑  + (r⃗ ) ] ( ⃗ ) = ( ⃗ )                                                       [3.8]  
  

where non-classic contributions are expressed as the exchange-correlation potential  in its 

unknown form.  can be described as the one-electron operator, for which the expectation 

value of the corresponding energy is the exchange-correlation energy  

[ ] =                                                                                                                                        [3.9] 
Equation [3.8] can be espressed as the monoelectronic Kohn-Sham operator =                                                                                                                                        [3.10] 
These equations must be iteratively solved, because  depends on . 

At this point the main problem in DFT calculation is constituted by the contribution , 

which is unknown. Taking into account equation [3.7], the following expression can be 

written: [ ] = ( [ ] − [ ]) + ( [ ] − [ ]) = ∆ − ∆                                                   [3.11] 
where ∆  is the correction to the kinetic energy deriving from the interacting nature of the 

electrons while ∆  represents all the non-classical corrections to the electron-electron 

repulsion energy. 
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The most common approximations to [ ] are the following ones: 

 Local Density Approximation (LDA):26 this approximation considers a uniform gas 

of electrons where negative particles are moving in a positive charge distribution and 

the system is neutral. The exchange-correlation functional is written as: [ ] = ∫ ( ⃗) [ ( ⃗)] ⃗                                                                                      [3.12] 
where [ ( ⃗)] is the exchange-correlation energy per particle, that can be divided in 

two contributions [ ( ⃗)] = [ ( ⃗)] + [ ( ⃗)]                                                                                     [3.13] 
where 

[ ] = − 34 3 ( ⃗)                                                                                                           [3.14] 
is the Slater functional for the exchange, while [ ] is extrapolated from simulations 

of the electron gas. Analytical description of this term based on sophisticated 

interpolation schemes have been developed.  

 Local Spin Density (LSD). It is an alternative approximation used when electrons 

with spin α and β must be described separately , = ∫[ ( ⃗) + ( ⃗)] [ ( ⃗), ( ⃗) ⃗                                         [3.15]                    
LDA and LSD are more suitable for metallic system than for molecular systems, 

where it is not realistic to consider uniform the electronic density. 

 Generalized Gradient Approximation (GGA). In this approximation also the 

gradient of the electronic density is included in the exchange-correlation energy , = ∫ ( , , ∇ , ∇ ) ( ⃗) ⃗                                                         [3.16] 
while LDA and LSD are expressed as first-term truncation of the Taylor expansion of 

, in this case the functional  is divided in two contributions, which are 

separately treated = +                                                                                                    [3.17]
   

The exchange functional  is generally described as the correction of the 

corresponding LDA functional = − ∑ ( ) ( ⃗) ⃗                                                                           [3.18]
   

where 
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( ⃗) = |∇ ( ⃗)|( ⃗)                                                                                                                 [3.19] 

and F can be expressed in various forms (the most famous are those developed by 

Becke and Perdew). Another correlation functional is the one developed by Lee, Yang 

and Parr (LYP). The first one was developed by Becke.27  One of the most famous are 

the LYP functional by Lee, Yang and Parr,28 the Perdew-Wang PWGGA29 and the 

Perdew-Burke-Ernzerhof PBE.30 

 Hybrid functionals. The exchange energy is the major contribution to exchange-

correlation energy. An accurate description of the exchange functional is an essential 

requirement for the validity of a given DFT approach. Nevertheless, it is not possible 

to incorporate the whole exact exchange and approximate only the correlation 

functional. Indeed, the electronic distribution of a molecule is described in terms of 

exchange-correlation holes, that are portions of empty space around each electron 

which lower the probability that another electron is found nearby. These holes can be 

divided in Fermi holes (exchange part) and Coulomb holes (repulsion term). These 

holes are intimately related to ensure the localization and therefore these contribution 

cannot be considered individually. To overcome this problem, and simultaneously 

describe the system with more accuracy than the GGA, hybrid functional incorporates 

a portion of exact exchange from the Hartree-Fock theory with exchange and 

correlation from other sources, that could be ab initio or empirical. 

B3LYP:31 where the exchange part is described by the Becke27 functional and the 

correlation part by the LYP28 functional. = + ( − ) + ( − ) + + ( − )  

[3.20] 

Where the three parameters = 0.20, = 0.72 and = 0.81 are empirical 

coefficients calculated from the fitting of the B3PW91 functional to a set of ionization 

energies, ionization potentials, proton affinities and total atomic energies.32,33 

PBE0: which combines PBE functional with a 25% of Hartree-Fock, which is not 

empirical but derived basing on perturbation theory.34,35 

            = + +                                                                                 [3.21]  
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3.1 Periodic Density Functional Theory 

Density Functional Theory (DFT) is a powerful computational method based on quantum 

mechanics, which allows describing the electronic structure of materials. This section 

describes the general DFT approach used for periodic systems.36 

The approach to the investigation of solid state systems is different from that used to study 

molecular systems. A perfect crystal is a periodic three-dimensional array of atoms, ions or 

molecules. A few of these atoms, ions or molecules form a basic unit which is repeated 

throughout the crystal and the point symmetry and translational properties of the crystal 

determine the space group. From a computational point of view, periodic DFT calculations 

use the symmetry properties of the crystal basing on the band theory approach. Therefore, the 

potential energy of a crystal must be a periodic function with the same periodicity of the 

lattice  ( − ) = ( )                                                                                                                               [3.22] 
for any lattice vector . 

Due to symmetry requirements, the Schrödinger equation ( ) ( ) = ( )                                                                                                                          [3.23] 
must be translation invariant. This means that  ( − ) ( − ) = ( − )                                                                                                 [3.24] 
Eigenfunctions with appropriate symmetry associated to the potential of equation [3.22] obey 

the Bloch theorem ( + ; ) = ( ; )                                                                                                            [3.25] 
   

and provide a relation between the values of an eigenfunction at the equivalent points of a 

lattice. As  satisfies the Bloch theorem, it is called "Bloch function" and is a function of the 

position r and of the wave vector k. 

The Bloch function ( ; ) is an eigenfunction of the Hamiltonian in equation [3.23], that 

can then be rewritten as ( − ) ( − ; ) = ( ) ( − ; )                                                                                [3.26] 
As a consequence of periodicity (equation [3.22]): 
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( ) ∙ ( ; ) = ( ) ∙ ( ; )                                                                                   [3.27] 
where ∙  is a constant factor with unitary module. The Bloch function can be written as 

product of a plane wave and a periodic function ( ; ) with the same periodicity of the 

lattice: ( ; ) = ∙ ( ; )                                                                                                                  [3.28] 
Bloch functions have translational properties in the reciprocal space, and this behaviour limits 

the solution of the Schrödinger equation to selected k points in the first Brillouin Zone (BZ). 

The general solutions of the Schrödinger equation ( ; ) = ( ; )                                                                                                                 [3.29] 
can be expanded as a linear combination of Bloch functions: ( ; ) = ∑ ( ) ( ; )                                                                                                       [3.30] 
The ( ; ) functions are called "crystalline orbitals". 

Bloch functions are commonly represented as: 

 Atomic Orbitals (AO); this approach is more suitable to describe chemical bonds, 

but becomes problematic in the description of free or nearly free electron 

conductors, due to numerical instability problems. 

 Plane Waves (PW); this approach is more suitable for metals and to describe 

delocalized electrons.  

CRYSTAL code 

CRYSTAL code36,37 is based on the expansion of the crystalline orbitals as a linear 

combination of atom-centred Gaussian orbitals .  For a given -th AO, with origin at   

( ) = 1√  ( − )                                                                                                [3.31]  
Considering for example a Hartree-Fock calculation, the main steps followed by the code 

are:36 

a) Linear combination of atomic orbitals (LCAO) as contraction of Gaussian functions, 

in order to represent the set of Bloch functions. The overlap matrix in the local basis 

set is evaluated. 
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b) The Fock matrix elements are evaluated in direct space in the local basis set. 

c) The Fourier Transform of the Fock matrix is applied to the matrix in order to switch 

from the direct space to the reciprocal space. 

d) The Schrödinger equation is then solved maintaining the orthogonality for each k 

vector. 

e) The Fermi energy (EF), the highest energy value of an occupied state in the first 

Brillouin zone, is computed. The density matrix is evaluated and Fourier 

antitransformation in the direct space is applied, in order to transform the integral 

computed on the k points in a volume VBZ of the first Brillouin zone. The integration 

is limited to the states with E<EF, and a step function  allows to exclude the 

eigenvectors relative to empty states. 

f) The total energy per cell ETOT  is then calculated and steps from b) to f) are repeated 

until self consistency.  
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CHAPTER 3 

XAS and DFT study of Bi1-xTaxO1.5+x electrolytes 
 

In this chapter the results concerning a combined X-Ray Absorption Spectroscopy (XAS) and 

periodic Density Functional Theory (DFT) study of Bi1-xTaxO1.5+x solid electrolyte are 

presented and discussed. The aim of the study is to unveil the preferential aggregation 

motives around the dopant site and shed light on the local coordination and electronic 

structure of bismuth site, which are supposed to play a key role in the high conductivity of 

this material. The following results have been object of a publication in Journal of Physical 

Chemistry C.1  

  

1. Motivation of the study  

As reported in Section 2 of Chapter 1, due to its extremely high ionic conductivity (about 1 

S∙cm-1 at 750°C), δ-Bi2O3 represents a reference compound for anion conducting electrolytes. 

Bismuth oxide has several polymorphs, and doping the pure material with certain transition 

metals allows the stabilization of the oxygen-ion conducting δ-phase.2,3 Among these doping 

transition metals, pentavalent dopants such as Ta5+ have been found to stabilize the δ-Bi2O3 

phase, with an only limited depletion of oxygen vacancies.4–8 The long-range structure of Bi1-

xTaxO1.5+x has been previously characterized by Neutron Diffraction, and structural motives 

typical of pyrochlore-like structures have been highlighted.4,5 However, the local environment 

of Bi1-xTaxO1.5+x was never studied: such approach would permit to achieve a better 

understanding of the dopant-matrix interaction, in order to highlight the structural features 

involved in the stabilization of the δ phase and in the anion conduction mechanism.9  

Despite the exploitation of bismuth oxide-based materials in the FC technology is hopeless 

for well-known chemical stability problems, unless combined with more stable electrolytes 

(i.e. doped CeO2, YSZ) on the fuel side (layered electrolytes),10,11 the investigation of these 

materials remains a matter of great interest for achieving a deeper comprehension of the 

mechanism of solid-state anion conduction. 
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XAS has been proved to be a powerful probe for the investigation of the local structural 

features of ceramic electrolytes.9,12–15 In particular, in this study the XAS analysis allowed to: 

 have an insight on the pyrochlore-related Ta4O18 structural motives that stabilize 

the δ-Bi2O3 to room temperature at different Ta concentrations;  

 investigate the local environment of conducting sites, providing evidences of 

favourable pathways for oxygen-ion conductive sites. 

Moreover, the integration of XAS with a periodic DFT approach, permitted to  

 identify the favoured connectivity between Ta4O18 aggregates inside the δ-Bi2O3 

matrix from the energetic point of view;  

 shed light on the local coordination of Bi3+ and its electronic structure. 

Specifically, the calculated density of states (DOS) was found to be similar in both 

doped and undoped Bi2O3 due to the presence of Bi 6s2 lone pair, that influences 

the local disorder of the Bi first coordination shell.16 

This chapter is organized as follows. In Section 2 experimental and computational methods 

are reported. Section 3 is dedicated to results and discussion. In Section 3.1 and Section 3.2 

the results obtained by X-ray Absorption Near Edge Structure (XANES) and Extended X-Ray 

Absorption Fine Structure (EXAFS) at the Ta and Bi L3-edges, are respectively presented and 

discussed. Section 3.3 shows the computational results and the discussion concerning 

energetic stability and DOS analysis of different Ta4O18 cluster configurations. Section 3.4 

reports some considerations about the δ-phase stabilization based on X-Ray Diffraction 

(XRD) analysis. In Section 3.5 an overview of the role of V5+ and Nb5+ in the stabilization of 

the δ-phase is also given, with the aim to draw a comparison between different pentavalent 

dopants. Finally, conclusions are drawn in Section 4. 

2.Experimental and computational methods 

Synthesis. Bi1-xTaxO1.5+x samples in the concentration range between x=0.075 and 0.30, were 

prepared by solid-state synthesis. Stoichiometric amounts of Bi2O3 (Sigma-Aldrich, 99.9%) 

and Ta2O5 (Sigma-Aldrich, 99.9%) powders were mixed in an agate mortar with the aid of 1 

mL of ethanol or 2-propanol (Panreac 96%) and dried in oven at 80°C to remove the solvent. 

Then the powders were calcined twice at 750°C for 12 h, using a ramp of 150°C/h. After the 

first calcinations, an intermediate 30 minutes grinding in a Retsch MM200 vibrating ball-mill 

was carried out, using zirconia jar and spheres.  
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Characterization. X-Ray Diffraction measurements were acquired with a Siemens D-500 

diffractometer using Cu Kα radiation and a graphite monochromator on the diffracted beam in 

the 2θ range 20-120°, with a step of 0.02° and accumulation time of 4 s per step. Calibration 

of the instrument was made with corundum powder before and after every measurement. 

Rietveld analysis was performed with GSAS17. 

X-Ray Absorption Spectroscopy measurements were acquired at the Bi and Ta L3-edges at 

the Dubble BM26A beamline of the European Synchrotron Radiation Facility (ESRF). All the 

measurements were carried out in transmission mode at liquid nitrogen temperature (80 K), 

using a Si detector. EXAFS data analysis was carried out with Viper18 and Feff9.19 Samples 

for XAS measurements were prepared by diluting the Bi1-xMxO1.5+x powders with 

polyvinylpyrrolidone and pressing the mixture in a 13-mm die. 

Computational methods. Periodic Density Functional Theory (DFT) calculations were 

carried out using the CRYSTAL09 code,20 which is based on the expansion of the crystalline 

orbitals as a linear combination of atom-centred Gaussian orbitals. Density functional and 

basis sets were validated on the α-Bi2O3 structure, which is stable at room temperature. The 

hybrid functional B3LYP21,22 has been used for both full geometry optimization (atomic 

positions and cell parameters) and Density Of States (DOS) analysis, after testing several 

functionals. For bismuth a Hay and Wadt small core pseudopotential was used together with a 

quadruple- ζ split valence basis set23 and for tantalum an ECP60MDF pseudopotential was 

used, together with a double-ζ split valence basis set.24 A Durand and Barthelat large-core 

pseudopotential was used for oxygen, together with a double-ζ split valence basis set25–27. 

Calculations were carried out using a Monkhorst-Pack grid, with a shrinking factor of 4x4x4, 

corresponding to 36 points in the irreducible Brillouin zone. The Coulomb and exchange 

series were truncated with threshold values of 10-7
, 10-7

,
 10-7

,
 10-7 and 10-14. An extrafine grid 

was used for numerical DFT integration. 

3. Results and discussion 

3.1. X-Ray Absorption Near Edge Structure 

The XANES features of Bi1-xMxO1.5+x, acquired at the Bi and Ta L3-edges (Figure 3.1), were 

qualitatively compared with Bi2O3 and Ta2O5 reference compounds. The shape and position 

of the edges confirm an oxidation state of +3 and +5 respectively for Bi and Ta. In particular, 
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XANES spectra at the Bi L3-edge were compared with pure Bi2O3 and NaBiO3 compounds, 

where Bi is present in a 3+ oxidation state in the first case, and in a +5 oxidation state in the 

second case. In the investigated Bi1-xTaxO1.5+x samples the pre-edge peak characteristic of Bi5+ 

is absent, while a small bump typical of undoped Bi2O3 can be noticed (See Supporting 

information S.1).28 For what concerns Ta L3-edge, the Bi1-xTaxO1.5+x XANES spectra were 

compared with a Ta2O5 standard: the position of the edge strongly supports the presence of a 

+5 oxidation state, while the splitting of the main peak observed in Bi1-xMxO1.5+x spectra 

suggests the presence of a single Ta5+ environment, unlike what happens in the Ta2O5 

reference sample, where two low-symmetry sites (distorted octahedra and pentagonal 

bypiramids) coexist.29 

 

 

Figure 3.1 a. Ta L3-edge XANES spectra of Ta-doped samples and reference Ta2O5 acquired 

on Ta L3-edge. 

 

3.2 Extended X-Ray Absorption Fine Structure 

Ta L3-edge  

The fitting results on Ta L3-edge are reported in Table 3.1 The Ta-O first shell was modelled 

with a single distance, with a fitted coordination number close to 6 in all the compositions, 

corresponding to an octahedral local environment for Ta site. This evidence is strongly 
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corroborated also by the first shell Ta-O distance, set at around 1.99 Å, in good agreement 

with an octahedrally coordinated Ta5+ local environment.30 In order to model dopant 

aggregation, the Ta-M (M=Ta, Bi) second shell was simulated using Ta-Bi and Ta-Ta 

contributions sharing the same disorder factor. Dopant clustering was confirmed for all the 

samples, except for the most diluted one (x=0.075), where the absence of a Ta-Ta 

contribution suggested the presence of isolated TaO6 octahedra. Moreover, the Ta−Bi distance 

(3.4 to 3.5 Å) was found to be always longer than Ta−Ta (3.3 to 3.4 Å), as expected from the 

larger ionic radius of Bi3+. The average second-shell distance Ta-M (M=Ta, Bi) decreases 

with increasing Ta content. Finally, in order to obtain a satisfactory fitting of the Ta−O shell, 

the third-shell Ta−O coordination number was constrained according to stoichiometry and 

split in two contributions, sharing the same multiplicity and disorder factor.  

Experimental coordination numbers N (Ta-Ta) were compared with several models having 

the appropriate Ta concentration and formed by TaO6 octahedra linked together in a δ-Bi2O3 

matrix (Figure 3.4). When Ta-Ta contributions are absent, TaO6 octahedra are isolated in the 

δ-Bi2O3 matrix. N (Ta−Ta) values around 3 strongly suggest the clustering of TaO6 into 

Ta4O18 tetrahedral clusters not connected to each other, whereas N (Ta-Ta) values close to 4 

point to a higher degree aggregation between dopant moieties. In particular, two types of 

structural motives can be associated to a coordination number of 4: i) Ta8O37 clusters, arising 

from two Ta4O18 linked by an oxygen and ii) Ta7O30 clusters, arising from two Ta4O18 clusters 

sharing a TaO6 octahedron. 

Some possible structures compatible with the experimental N(Ta−Ta) values are represented 

in Figure 3.5, where the Ta8O37 and Ta7O30 are also evidenced. Each one of the aggregation 

schemes is inserted in a volume of 2.5 × 2.5 × 2.5 cells of the ideal fluorite cell. In the sample 

with x=0.075 the absence of the Ta−Ta contribution suggests that in this case the dopant 

atoms are isolated. For x = 0.1, the coordination number N (Ta−Ta) = 3.1 is compatible with 

either isolated Ta4O18 or Ta8O37/Ta7O30. For x > 0.1, the experimentally determined N 

(Ta−Ta) points clearly to a higher degree of dopant aggregation. 
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Table 3.1 Results from the EXAFS analysis on the Ta L3-edge. Distances (R, in Å), 

coordination numbers (N) and disorder factors (σ2, in 10-3 Å2) are reported with uncertainties 

in parentheses. 

Sample x = 0.075 x = 0.10 x = 0.15 x = 0.22 x = 0.25 x = 0.30 

Ta-O N 5.9(2) 6.0(1) 6.2(2) 6.1(1) 6.1(1) 6.4(3) 

R 1.99(1) 1.98(1) 1.99(1) 1.99(2) 1.99(1) 1.99(1) 

σ2 10.3(2) 9.3(1) 9.1(1) 9.3(1) 8.4(3) 9.2(2) 

Ta-Bi N 12.0 8.9(3) 8.2(2) 8.2(2) 8.1(2) 8.1(3) 

R 3.46(1) 3.45(1) 3.45(1) 3.46(1) 3.42(1) 3.42(1) 

σ2 11.5(2) 8.8(2) 8.0(1) 7.1(1) 9.6(2) 8.3(1) 

Ta-Ta N -- 3.1(3) 3.8(2) 3.8(2) 3.9(2) 3.9(3) 

R -- 3.36(4) 3.36(1) 3.37(1) 3.31(1) 3.31(1) 

Ta-O N 9.5 9.6 9.9 10.3 10.5 10.8 

R 3.66(1) 3.63(1) 3.62(1) 3.63(1) 3.59(1) 3.60(1) 

σ2 8.2(3) 8.0(3) 5.2(2) 4.9(2) 8.3(2) 7.1(4) 

Ta-O N 9.5 9.6 9.9 10.3 10.5 10.8 

R 4.04(1) 4.02(1) 4.03(1) 4.04(1) 4.06(1) 4.02(1) 

 

Bi L3-edge  

The fitting results at the Bi L3-edge are reported in Table 3.2. Bi-O first shell was modelled 

using two Bi-O distances, respectively centred on 2.1 and 2.6 Å. The presence of two first-

shell contributions strongly agrees with the model proposed by Koto et al. on the basis of 

EXAFS high-temperature data measured for undoped δ-Bi2O3, where the displacement of an 

oxygen-ion from the centroid of its OBi4 coordination tetrahedron takes place (Figure 

3.2.).9,31 This would correspond to a displacement from the ideal 8c oxygen site of the 

fluorite-like structure, to a new 32f site which would be linked to a decreased activation 

energy for oxygen-ion diffusion.32 Moreover, also in the local structural analysis performed 

by Hull et al. using neutron diffraction data, a distribution of distances from 2.1 to 2.7 Å is 
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observed in δ-Bi2O3.6.16 A similar distribution of distances was found in the same study for 

the low-temperature α and β forms. Such first shell environment can be attributed to the effect 

of the 6s2 lone pair on Bi3+, which is supposed to be the cause of the strongly asymmetric 

local environment around Bi. The first-shell Debye-Waller factor of about 0.01 Å2 is found to 

be on the same order of magnitude as  δ-Bi2O3 at high temperatures (∼0.011 Å2 at 700−800 

°C).9 This value is very high for a first shell and it is caused by the highly disordered local 

environment around Bi, in terms of asymmetry and coexistence of different Bi coordination 

states. Also the second shell Bi-M (M=Ta, Bi) could not be reproduced by a single distance 

and had to be split in two contributions, that were refined assuming a total coordination 

number of 12. Again, the observed Bi−Bi distances, ranging from 3.76 to 4.06 Å, are 

compatible with the β-Bi2O3 phase.33 Finally, the third shell Bi-O was modelled by fixing the 

coordination numbers according to the average anion stoichiometry. The disorder of the 

second and third shells shows even higher values (>0.02 Å2). 

 

Figure 3.2 a) Oxygen-ion coordination tetrahedron (red) with four bismuth atoms (purple). 

The black dotted arrow represents the oxygen-ion displacement from the centroid of the 

coordination tetrahedron (8c site) to one of the possible random directions. The black double 

arrow shows the longest O-Bi distance, while the red double arrows indicate the shorter ones. 

b) Edge sharing coordination tetrahedra of O with Bi atoms, in δ-Bi2O3; c) edge sharing 

coordination tetrahedra of O with Bi atoms in α-Bi2O3. 
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Table 3.2 Results from the EXAFS analysis on the Bi L3-edge for samples with x = 0.075, 

0.10 and 0.15. Distances (R, in Å), coordination numbers (N) and disorder factors (σ2, in 10-2 

Å2) are reported with uncertainties in parentheses. 

 

Sample x = 0.075 x = 0.10 x = 0.15 

Bi-O N 4.2(2) 4.3(1) 4.4(2) 

R 2.11(1) 2.13(1) 2.14(1) 

σ2 1.27(4) 1.26(5) 1.25(5) 

Bi-O N 2.1(2) 2.2(1) 2.3(2) 

R 2.58(2) 2.54(1) 2.57(2) 

Bi-Bi N 6.2(2) 6.2(2) 8(1) 

R 3.86(1) 3.84(2) 3.85(2) 

σ2 0.8(4) 1.4(3) 2.0(3) 

Bi-Bi N 5.8(2) 5.8(2) 4(1) 

R 4.06(1) 4.05(1) 4.04(2) 

Bi-O N 18.9 19.2 19.8 

R 4.70(1) 4.65(1) 4.56(2) 

σ2 3.1(5) 4(1) 4(1) 
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Table 3.3 Results from the EXAFS analysis on the Bi L3-edge for samples with x = 0.22, 0.25 

and 0.30. Distances (R, in Å), coordination numbers (N) and disorder factors (σ2, in 10-2 Å2) 

are reported with uncertainties in parentheses. 

 

Sample x = 0.22 x = 0.25 x = 0.30 
Bi-O N 5.0(1) 4.9(2) 4.6(4) 

R 2.19(1) 2.18(1) 2.17(1) 

σ2 1.32(4) 1.27(4) 1.28(4) 

Bi-O N 2.1(1) 2.48(2) 3.1(1) 

R 2.58(1) 2.59(1) 2.58(1) 

Bi-Ta N 3.8(9) 3(1) 4.3(1) 

R 3.60(5) 3.59(2) 3.55(1) 

σ2 2.4(2) 2.7(3) 3.0(3) 

Bi-Bi N 8.2(9) 9(1) 7.7(1) 

R 3.86(1) 3.88(1) 3.99(2) 

Bi-O N 20.6 21 21.6 

R 4.60(2) 4.58(2) 4.42(3) 

σ2 2.50(3) 3.3(5) 8(1) 
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Figure 3.3 FT EXAFS data (black circles), best fit (red), and residual (blue) for sample with x 

= 0.25. Left: Ta edge. Right: Bi edge. 

 

Figure 3.4 Coordination number N(Ta-Ta) vs. concentration of Ta. Random configuration 

(red), isolated Ta4O18 clusters (blue), experimental data (black) are shown. Orange points 

represent the Ta-Ta coordination numbers corresponding to the structural models shown in 

Figure 3.5. 
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Figure 3.5 Configurations of Ta aggregation compatible with the experimentally determined 

Ta-Ta coordination numbers. Bismuth in purple, TaO6 octahedra in green. The coordination 

polyhedra around bismuth are omitted for clarity. The Ta stoichiometry and the average Ta-

Ta coordination number are reported for each structure. For x = 0.3, the Ta8O37 and Ta7O30 

aggregates are evidenced in yellow and red, respectively. 

 

3.3 Density Functional Theory calculations 

Geometry optimization 

Three different Bi0.75Ta0.25O1.75 configurations, reported in Figure 3.6, were fully optimized 

in order to evaluate the energy stabilization due to dopant clustering. In the configurations 

analyzed, the dopant is respectively arranged in i) isolated Ta4O18 clusters (configuration A, 

Figure 3.6 a); ii) two Ta4O18 clusters linked by an oxygen atom in the <110> direction 

(configuration B, Figure 3.6 b); iii) two Ta4O18 sharing a TaO6 octahedron oriented in the 

<111> direction of the cell (configuration C, Figure 3.6 c). 
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In Table 3.4 the energetic stability of the three configurations is reported. Optimization 

results confirm the tendency for tantalum to adopt a higher degree of clustering, with the 

configuration C having the ground state stability and the configuration B being slightly less 

stable (7.65 kcal/mol). On the other side, the configuration A is strongly unfavoured at this Ta 

concentration, due to the high ΔE (60.46 kcal/mol). 

Configuration ΔE (kcal/mol) 

C 0 

B 7.65 

A 60.46 

 

Table 3.4 Relative energy (ΔE) for  A, B and C configurations for Bi0.75Ta0.25O1.75 

composition. Configuration A, with isolated Ta4O18 clusters; configuration B, with linked 

Ta4O18 strings; configuration C, with two Ta4O18 sharing a TaO6 octahedron.  

 

 
 

Figure 3.6 Optimized structures of Bi0.75Ta0.25O1.75. a) Configuration A: isolated Ta4O18 

clusters; b) configuration B: linked Ta4O18 strings; c) configuration C: two Ta4O18 clusters 

sharing a TaO6 octahedron. Bismuth in purple, oxygen in red, coordination octahedra around 

Ta are shown in yellow. 

 

 

 

a) b) c) 
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Density of States 
As we can see from total and partial (Bi, Ta and O contributions) density of states (DOS), the 

electronic structure of Bi0.75Ta0.25O1.75 (Figure 3.7 b) is extremely similar to α-Bi2O3 (Figure 

3.7 a), especially for what concerns the role of the Bi 6s2 states, which lie 10 eV below the 

Fermi level and show negligible superposition with oxygen orbitals. This feature is exactly 

the same for Bi0.75Ta0.25O1.75 A, B and C configurations. Indeed, the Bi 6s2 lone pair does not 

participate directly in bonding but nevertheless affects the coordination environment of Bi3+ 

(the so-called inert pair effect),34 causing the distortion of ligands around the cation. 

Comparing the DOS of α-Bi2O3 and of Bi0.75Ta0.25O1.75, we can assert that the force governing 

the local coordination of Bi is essentially the same in all forms of doped and undoped Bi2O3, 

and this is strongly connected to XAS features, where the splitting of the Bi-O first shell is 

present in both Ta-doped samples and α-Bi2O3 (see Supporting Information S.1). 

 
 

 
Figure 3.7 – Top panel: calculated DOS of α-Bi2O3 ; Bottom panel: calculated DOS of 

Bi0.75Ta0.25O1.75 (configuration B). DOSS for A and C configurations are reported in the 

Supporting Information S.1. 
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3.4 X-Ray Diffraction 

XRD patterns show some variability, depending on the dopant concentration inside the solid 

solution. In particular, it was observed that increasing the dopant concentration tends to 

stabilize an average fluorite-like structure (Figure 3.8 and Figure 3.9).  This observation, 

combined with the XAS local structure analysis, leads to the conclusion that the apparent Fm-

3m symmetry of the most doped samples is actually an average of similar local structures 

arranged in a highly disordered way. The consequent deduction is that the local oxygen-ion 

migration inside doped and undoped δ-Bi2O3 is essentially governed by the same mechanism, 

and it is favoured by the possibility of a large number of trajectories created by the presence 

of the displaced 32f sites occupied by the oxide ions. The coordination around Ta is found to 

be strictly octahedral no matter of dopant concentration, indicating that TaO6 octahedra 

constitute an obstacle for oxygen-ion diffusion.  Then, the proposed picture of Ta-doped 

Bi2O3 is that the strain induced in the bismuth oxide matrix by the Ta islands stabilizes the 

structure of undoped δ-Bi2O3 at low temperature. However, the restricted volume for 

diffusion paths due to the stiff Ta clusters lowers the conductivity with respect to the undoped 

material (see Supporting Information S.1).  

 

Figure 3.8 – XRD patterns of Ta-doped samples. From top to bottom: x = 0.3, 0.25, 0.22, 

0.15, 0.1, 0.075. 
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Figure 3.9 Rietveld analysis for sample with 22%mol of Ta. Experimental data (black 

points), theoretical curve (red line) an residuals (blue line) are shown. 

3.5 Properties of V- and Nb-doped bismuth oxide 

Finally, an overview of the effect of V5+ and Nb5+ dopant cations is given, in order to draw a 

more complete picture of the structural features that have an influence on the average fluorite-

like phase stabilization of δ-Bi2O3 by pentavalent dopants.  

Like tantalum, also vanadium and niobium stabilize the fluorite structure of bismuth oxide, 

but with a different local  arrangement.   

XAS spectra are acquired at the V K-edge for Bi1-xVxO3+δ samples (x=0.095 and 0.11) and 

from the XANES profile it is immediately clear that the local environment around V5+ is 

tetrahedrally coordinated, in agreement with previous studies.8,35,36 Indeed, a sharp pre-edge 

peak due to the transition 1s 3d can be observed: this transition is forbidden in the 

octahedral symmetry, but becomes allowed when the symmetry degree is lowered by loss of 

inversion around the cation centre.37 On the contrary, it is well known from literature that 

doping bismuth oxide with niobium stabilizes the average fluorite-like matrix through 

pyrochlore-like structural motives, similarly to Ta-doped samples.4,5,7  
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Figure 3.10  XANES spectra of V-doped samples (x=0.11 red and x=0.095 black) acquired at 

the V K-edge. 

 

A DFT investigation on the same dopant structural motives previously analyzed for 

Bi0.75Ta0.25O1.7 samples has been carried out also for Bi0.75Nb0.25O1.7. Again, A, B and C 

configurations have been fully optimized using the B3LYP functional and the same supercell, 

where Ta atoms were substituted with Nb atoms.21,22 A relative stability scale analogous to 

Bi0.75Ta0.25O1.7  can be observed also for Bi0.75Nb0.25O1.7 (Table 3.5). Nevertheless, the 

maximum ΔE between A and C configurations (21.60 kcal/mol) is by far smaller than the 

corresponding ΔE value found for Ta-doping (60.46 kcal/mol). This result is compatible with 

a more flexible local environment for Nb dopant. 

In summary, the experimental and computational evidences point to a definitely different 

behaviour of vanadium, which prefers a tetrahedral coordination, with respect to niobium and 

tantalum as concerns the local structure. Also the conduction mechanism seems to be 

completely different. Actually, according to the ab initio molecular dynamics study by Kuang 

et al.,8 the tetrahedral configuration of vanadium is dynamically varying and the ability of V 

to change its local environment from four- to five-coordinated favours the diffusive paths 

around the V-doped sites. 
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a)                              b)                                     c)  

Figure 3.11 Optimized structures of Bi0.75Nb0.25O1.75. a) Configuration A: isolated Nb4O18 

clusters; b) configuration B: linked Nb4O18 strings; c) configuration C: two Nb4O18 clusters 

sharing a NbO6 octahedron. Bismuth in purple, oxygen in red, coordination octahedra around 

Nb are shown in green. 

 

Table 3.5 Relative energy (ΔE) for  A, B and C configurations for Bi0.75Nb0.25O1.75 

composition. Configuration A, with isolated Nb4O18 clusters; configuration B, with linked 

Nb4O18 strings; configuration C, with two Nb4O18 sharing a NbO6 octahedron. ΔE (kcal/mol) 

defines the relative stability. 

Model  ΔE (kcal/mol)  

C 0 

B 16.25 

A  21.60 

 

4. Conclusions 

To sum up, a detailed local structural analysis of Ta-doped bismuth oxide samples has been 

performed in order to unveil the preferential aggregation motives around the dopant site that 

are involved in the stabilization of the fluorite-like phase at room temperature. The integrated 

XAS and computational approach shed light on the local coordination and electronic structure 

of bismuth site, which are supposed to play a key role in the high conductivity of this 

material. From this study we can conclude that Ta is organized in octahedral TaO6 units that 
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are gathered as Ta4O18 clusters. These clusters give rise to further association into Ta7O30 or 

higher order aggregates, as demonstrated by XAS analysis on Ta L3-edge.  

DFT calculations strongly support from the energetic point of view the experimental 

evidence, confirming the preferential association of Ta4O18 clusters into larger aggregates. 

Such tendency, together with the fixed octahedral TaO6 local environment, would hinder the 

oxygen-ion diffusion inside the δ-Bi2O3 matrix. 

XAS analysis shows that the local environment of Bi is similar for all the investigated 

samples and is characterized by the displacement of the oxygen-ions towards one of the faces 

of the OBi4 coordination tetrahedron. This feature can be correlated with the electronic 

structure of the compound, taking into account the effect of the Bi 6s2 lone pair. 

The apparent discrepancy by local structure evidenced by XAS and the long-range 

arrangement observed by XRD is likely recovered taking into account that the fluorite Fm-3m 

symmetry could result from an average of the randomly oriented displacements of oxygen 

from the centre of the OBi4 tetrahedra. 

Oxygen-ion diffusion is enhanced by the average fluorite structure and by the local 

arrangement characterized by the displacement of oxygen from the centre of the OBi4 

tetrahedra. 

Finally, an overview of the effect of V5+ and Nb5+ dopant cations (belonging as Ta5+ to the 

VB group of the periodic table) on the average fluorite-like phase stabilization of δ-Bi2O3 has 

been given. While vanadium adopts a tetrahedral local environment, niobium seems to prefer 

a local environment similar to tantalum but with a less marked preference for Nb4O18 linked 

configurations with respect to isolated Nb4O18 clusters. 
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CHAPTER 4  

XAS and DFT investigation on doped LaGaO3 

 

In this chapter a comprehensive XAS and DFT study about perovskite-like lanthanum gallate 

will be presented, with the aim to understand: i) the interaction of oxygen vacancy with B-site 

cations, ii) the favoured oxygen-ion diffusion paths, iii) the influence of doping and co-doping 

on the local structure, and iv) the electronic features around perovskite B-site. The materials 

under consideration are LaGa0.875Mg0.125O2.935, La1-xSrxGa1-yMgyO3-δ and La1-xSrxGa1-

y(Mg,Co)yO3-δ. Results concerning LaGa0.875Mg0.125O2.935 are object of a recently submitted 

publication. 

 

1. Motivation of the study 

As reported in Section 2.3 of Chapter 1 LaGaO3 (LG) represents one of the top performing 

electrolytes for IT-SOFC1–5: its perovskite structure (ABO3), if opportunely doped with small 

percentages of Sr2+ in the A site and Mg2+ in the B site, can accommodate a large 

concentration of anion vacancies and this leads to a very high anionic conductivity at IT-

SOFC operating temperatures. To date, the most conductive compositions (around 0.14 S/cm 

at 800°C) are La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM1020) and La0.8Sr0.2Ga0.8Mg0.2O2.8 

(LSGM2020).5–10 Moreover, it has been reported that co-doping the B site with Mg2+ and 

small amounts of Co minimize the ohmic resistance of the electrolyte and the overpotential of 

anodes and cathodes, maintaining an oxide-ion conductivity similar to the parent LSGM 

composition.11 La0.8Sr0.2Ga0.8Mg0.2-xCoxO3±δ, with x ≤ 10%mol, were found to slightly 

increase the electrical conductivity only at low temperatures (due to the introduction of 

electronic charge carriers into the lattice), but at high temperatures conductivity was found to 

be almost completely ionic. Increasing the concentration of cobalt over the 10% mol leads to 

a lower activation energy barrier for electrical conductivity, that affects the electrolyte activity 

of the compound.12,13 

The functional properties of LG-based materials have been extensively studied during the last 

years, but the influence of doping and co-doping on the local structure and the correlation 
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with ionic conductivity still need a thorough elucidation. To this end, this study is articulated 

in three main points:  

 probing the influence of Mg2+ dopant on the perovskite-type LaGa0.875Mg0.125O2.935 

material (LGM0125 in the following). This composition was chosen in order to avoid 

the contribution of Sr2+ doping on the A site. Therefore, the computational approach is 

focused only on the vacancy interaction with the B site, which is supposed to provide 

the main contribution to the mechanism of oxygen ion diffusion. The issues of 

vacancy interaction with the B site and of local distortion around the vacancy site 

(tilting and dihedral distortions) are actually under debate in literature, 14–17 and are 

worth to be deeply investigated by a DFT configurational study. 

 Analysis of the oxygen-ion diffusion paths around the B-site on LaGa0.875Mg0.125O2.935 

electrolyte, in order to unravel the activation energy barriers around both Ga regular 

site and Mg dopant site.  

 Assessment of the influence of Sr doping and of co-doping with Mg and Co on the 

local structure of La1-xSrxGa1-yMgyO3-δ and La1-xSrxGa1-y(Mg,Co)yO3-δ , to unveil how 

local distortions vary with dopant concentration. In particular, XAS data at the Co K-

edge both at static disorder conditions (77 K) and in situ (25-750°C, 10°C/min) are 

collected, in order to understand how cobalt insertion modifies the electronic and 

atomic structure of LSGM. 

This chapter is organized as follows. In Section 2 experimental and computational methods 

are reported. Section 3 is dedicated to results and discussion. In Section 3.1 a combined XAS 

and DFT study on LaGa0.875Mg0.125O2.935 electrolyte is presented. Section 3.2 contains 

preliminary theoretical results concerning oxygen-ion diffusion paths in 

LaGa0.875Mg0.125O2.935. In Section 3.3 EXAFS data analysis at the Ga K-edge of La1-xSrxGa1-

yMgyO3-δ and La1-xSrxGa1-y(Mg,Co)yO3-δ is presented and discussed, together with the 

XANES spectra acquired in situ at the Co K-edge. Finally, conclusions are drawn in Section 

4. 
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2. Experimental and computational methods  

Synthesis. LaGaO3, LaGa0.875Mg0.125O2.93, La1-xSrxGa1-yMgyO3-δ and La1-xSrxGa1-y(Mg, 

Co)yO3-δ were prepared by solution combustion synthesis. Commercial nitrates 

La(NO3)3∙6H2O, Ga(NO3)3∙x H2O and Mg(NO3)2∙6H2O were dissolved in distilled water with 

citric acid (C6H8O7) and stirred until dissolution. pH was raised to 6 with NH3 in order to 

ensure the complexation of metals, and the mixture was then stirred at 80°C until gel 

formation. Next, the temperature was raised until ignition of self-combustion, and the powder 

obtained was calcined first at 1000°C and then at 1450°C. 

X-ray absorption spectra were acquired at the Ga and Co K-edges at the Dubble BM26A 

beamline of the European Synchrotron Radiation Facility (ESRF). Ga K-edge data were 

collected in transmission mode, while experiments at the Co K-edge were carried out in 

fluorescence mode at liquid nitrogen temperature (77 K). In situ measurements at Co K-edge 

were acquired using the “microtomo furnace” in order to reach high temperatures and collect 

sequential measurements in the range 25-750°C (10°C/min) in air and He atmospheres. 

EXAFS data analysis was carried out with GNXAS software.18,19 X-ray diffraction (XRD) 

patterns were acquired with a Siemens D-500 diffractometer using Cu Kα radiation and a 

graphite monochromator on the diffracted beam. Rietveld analysis was performed with 

GSAS.20 

Computational methods. Periodic DFT calculations were carried out with the CRYSTAL14 

code,21 which is based on the expansion of the crystalline orbitals as a linear combination of 

atom-centred Gaussian orbitals. The hybrid exchange-correlation functional PBE0,22,23 with 

25% of Hartree-Fock exchange, has been considered throughout, after testing the ability of 

several functionals to correctly describe the orthorhombic Pbnm unit cell of undoped LG, 

which is the most stable phase at room temperature (see Supporting Information S.2, 

Tables S.2.1 and S.2.2). For La, a Hay and Wadt small core pseudopotential was used 

together with a 411(1d)G basis set,24 while all electron triple-zeta basis sets were chosen for 

Ga and Mg.25 Finally, a Durand and Barthelat large core pseudopotential was used for 

oxygen, together with a double-ζ split valence basis set.26,27 

The configurational analysis performed on LGM0125 was carried out using the recently-

implemented tool for disordered systems and solid solutions in CRYSTAL,28,29 which allows 

to obtain the number of possible dopant configurations (for a given dopant concentration) by 

combinatorial analysis. This tool classifies degenerate configurations in Symmetry 
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Independent Classes (SICs) through symmetry operator analysis, indicating for each SIC its 

own multiplicity. The chosen (2x1x2) supercell is large enough to avoid defect interactions 

from one cell to the other. 

To create the oxygen vacancy, one oxygen atom was removed from the supercell, leaving its 

corresponding basis set centred at the original oxygen atomic position. All structures were 

then fully optimized (lattice parameters and atomic positions). Convergence was determined 

from the root-mean-square and absolute value of the largest component of the forces and 

displacements, considering default values.21 Calculations were carried out using a Monkhorst 

Pack grid with shrinking factor 6x6x6, corresponding to 112 k points in the irreducible 

Brillouin zone. The Coulomb and exchange series were truncated with threshold values of 10-

7
, 10-7

,
 10-7

,
 10-7 and 10-14. 21 A pruned grid, with 55 radial points and 434 angular points, was 

used for numerical DFT integration. 

Oxygen-ion diffusion paths. Diffusion barriers for oxygen-ion paths were qualitatively 

estimated performing a relaxed scan of the geometry of the defective system. The 2x1x2 

supercell with the Mg-layered LGM0125 configuration, that shows the highest equivalence of 

oxygen-ion conducting sites (See Section 3.1, Energetic scale of the generated 

configurations), was chosen for this study. For each step of the scan, the atomic positions of 

a fragment of 51 atoms set around the vacancy and the diffusing oxygen-ion were fully 

relaxed, while cell parameters were kept fixed. 

 

3. Results and discussion 

3.1 Defect interaction and local structural distortions in LaGa0.875Mg0.125O2.93 

Structural characterization 

X-Ray diffraction technique was used to check the stability of the Pbnm phase for doped 

LGM0125 and LG. XRD results are reported in Table 4.1. Rietveld refinements obtained for 

LG and LGM0125 are shown in Figure S.2.2 of Supporting Information S.2. 

Theoretical unit cell parameters found for undoped LG (a=5.543 Å, b=5.472 Å, c=7.759 Å 

using PBE0 functional) are in agreement with the experimental ones, with the largest 

discrepancy concerning the b parameter (0.4%). Moreover, it can be observed a moderate 
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expansion of the lattice parameters going from LG to LGM0125, caused by the introduction 

of a dopant with larger ionic radius on the Ga B-site.  

Table 4.1 Experimental cell parameters for undoped LG and doped LGM0125. 

SAMPLE a(Å) b(Å) c(Å) 

LG 5.525(2) 5.493(2) 7.776(2) 

LGM0125  5.542(1) 5.504(1) 7.801(1) 

 

The results concerning LG and LGM0125 EXAFS data analysis at the Ga K-edge are shown 

in Table 4.2. The data have been fitted generating a cluster of 79 atoms with the Pbnm 

symmetry. EXAFS signal and Fourier transform data, together with the corresponding fittings 

are reported in Figure 4.1 a and b. The fitting procedure has been carried out by using only 

two direct distances: a Ga-O1 first neighbour and a Ga-La second neighbour, respectively 

centred on average at 1.95 Å and 3.41 Å. For these contributions, only the distances (R1 and 

R2) and the variances (σ1
2 and σ2

2) were allowed to vary, while the coordination numbers N1 

and N2 were respectively fixed to 6 and 8. Ga-O first shell coordination number was kept 

fixed to 6 also for LSGM0125, because the first shell coordination number of 5.875 expected 

for this sample is below the EXAFS accuracy.30 All other contributions involving the higher 

shells have been considered including Multiple Scattering paths (MS), which are function of 

previously defined two body distances and of the angles (ϑ) of the three bodies configuration 

used together with their Debye Waller factors (See figures in Table 4.2).31 In order to 

describe tilting angles, Ga-O-M (M=Ga, Mg) path, with N1 fixed to 6, was used and a higher 

distortion was found for LGM0125 where GaO6 octahedra have a tilting angle of 161°, while 

for pure LG tilting angle is 166°. However, the local distortions concerning vacancy sites 

induced by Mg doping are barely discernible in the EXAFS spectra of LGM0125, due to the 

larger population of fully coordinated Ga atoms and to the low number of oxygen-vacancies. 

To this aim, DFT simulations can help to shed light on the local distortion of the GaO5Vo and 

MgO5Vo configurations. These configurations, containing the conductive site, have a key role 

in the oxygen-ion diffusion mechanism. 

No significant differences of the ϑ angle values for the Ga-M-O, a Ga-La-M, a Ga-O-La and 

Ga-O-M three-body configurations used in the fitting procedure were found between the 

doped and undoped samples. 
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Table 4.2 Results of the EXAFS data analysis relative to LG and LGM0125 at the Ga K-edge 

(R in Å, σ2 and s2 in Å2 and ϑ in °), with the corresponding MS paths (Ga atoms and 

polyhedra drawn in green, O in red and La atoms in purple). Debye-Waller factors related to 

the two-body distances are labelled with σ2, while those related to the MS paths are labelled 

with s2. R-factor values are respectively 6.71% for pure LG and 6.73% for LGM0125. 

Uncertainties are on the last digit. 

LG LGM0125 

Ga-O 
R1  1.95 1.94 

σ1
2 0.0058 0.0070 

Ga-La 
R2 3.42 3.40 

σ 2
2 0.0087 0.0082 

MULTIPLE SCATTERING 

 

Ga-O-M 
ϑ1 166 161 

s1
2 1 1 

 

Ga-Ga-O 

ϑ2 150 151 

s2
2 1 1 

 

Ga-La-M 

ϑ3 108 109 

s3
2 1 4 

 

Ga-O-La 

ϑ4 112 114 

s4
2 1 1 

 

Ga-O-M 

ϑ5 154 157 

s5
2 10 10 
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Figure 4.1 a) EXAFS signal and b) Fourier Transform of pure LG (bottom) and LGM0125 

(top). Data are drawn as black circles and model as a red line.  

 

Configurational analysis by the Symmetry Independent Classes (SIC) method 

Models and notations. The number of Symmetry Independent Configurations (SICs) was 

first computed for LGM0125. A 2x1x2 supercell (80 atoms), with a fractional occupancy of 

12.5%mol of Mg (2 atoms) on Ga sites (16 atoms) was build up from the Pbnm unit cell, 

leading to 120 configurations, further divided in 9 SICs (see Supporting Information S.2). 

These 9 SICs were further gathered in three macro-classes: i) Mg-layered, where Mg lies in 

every B-site layer parallel to the ac plane, and Mg-Vo-Mg configurations are absent; ii) Mg-

clustered, where equatorially linked Mg-Vo-Mg configurations are allowed; iii) Mg, Ga-

layered, where alternating Mg/Ga and undoped Ga layers are present, and equatorial Mg-Vo-

Mg links are excluded (see Figures 4.2 a, 4.2 b and 4.2 c). Among these SICs, only the most 

diluted dopant configurations were investigated, while configurations that present linear 

sequences or ordered dopant arrangements were excluded. One single representative 

configuration was finally chosen for each of these three macro-classes, in order to carry out 

the oxygen vacancy configurational analysis. 

b) a) 
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In all cases, to allow electrical charge compensation over the unit cell, two Mg atoms were 

simultaneously introduced in the lattice together with one oxygen vacancy, according to the 

following reaction: 

2GaGa
x + 2MgO + Oo

x  2MgGa
’ + VO

∙∙ + Ga2O3 

This resulted in twenty eight possible oxygen vacancies configurations which were all fully-

optimized by varying unit cell lattice constant and the atomic positions. The results about 

these configurations are reported in the Supporting Information S.2, Section S.2.6. For sake 

of clarity, to refer to these configurations, we introduce the following notation: X-Von-Yax and 

X-Von-Yeq which correspond to configurations where cations X and Y, and oxygen vacancy 

Vo are axially or equatorially linked, respectively, with the dopant Mg atom being the n-th 

neighbour of the oxygen vacancy.  

Energetic scale of the generated configurations. The relative electronic energy (ΔE) values, 

show that the axial configurations (Ga-Vo-Gaax or Mg-Vo-Gaax) are always the most stable 

(Table 4.3). The ΔE range of each macro-class is: 8.91 kcal/mol for the Mg-clustered macro-

class, which shows the largest energy range, 6.52 kcal/mol for the Mg,Ga-layered macro-class 

and 5.46 kcal/mol for the Mg-layered one. The energy difference between these systems is 

quite low, suggesting the equivalence of different vacancy sites, which is an essential 

requirement for efficient oxygen-ion conducting materials. Nevertheless, the energetics of the 

three different Mg configurations indicate a slight preference for a more diluted 

accommodation of Mg dopant in the B-site. Notably the computed ΔE values are in good 

agreement with previously-reported data by Blanc et al.,14 who obtained a ΔE range of 8.37 

kcal/mol for the 12.5mol% Mg concentration.  

The calculations indicate that Vo preferentially adopts axial environments, both in Ga-Vo-Ga 

and Mg-Vo-Ga configurations. As a common trend in the three macro-classes, we can also 

underline that the equatorial Mg-Vo-Ga configuration is in all the cases considered one of the 

less favored, with differences with respect to the most stable configuration of each class 

ranging from 5.46 to 7.07 kcal/mol (obtained for the Mg-layered and Mg-clustered classes, 

respectively) (See Supporting information S.2, Table S.2.6). 
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Figure 4.2 Mixed ball-and-stick and polyhedra representation of one configuration for each of 

the three macro-classes obtained from the SIC analysis: a) Mg-layered, b) Mg-clustered and 

c) Mg, Ga-layered for a (2x1x2) supercell of LGM0125. Oxygen, lanthanum and gallium as 

red, blue and green balls, respectively. Brown polyhedra denote coordination around Mg 

atoms. The unit cell is shown as a solid black line. All the 28 configurations considered are 

shown in the Supporting Information. 

 

Table 4.3 Relative Energy (∆E) of different oxygen vacancy positions, obtained from the SIC 

analysis of LGM0125, broken down into macro-classes. All data in kcal/mol. For details 

about configuration notation, see above the section “Configurational analysis by the 

Symmetry Independent Classes (SIC) method”.  

Configuration ΔE 

Mg-layered 

Ga-Vo3-Gaax 0.00 

Ga-Vo5-Gaax  0.06 

Mg-Vo1-Gaax  0.76 

Ga-Vo3-Gaeq  2.19 

Ga-Vo5-Gaeq  2.46 

Mg-Vo1-Gaax  2.64 

Ga-Vo3-Gaeq  2.79 

Ga-Vo3-Gaeq  3.04 

a) b) c) 
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Ga-Vo3-Gaeq  3.06 

Mg-Vo1-Gaeq  4.77 

Ga-Vo3-Gaeq  4.90 

Ga-Vo3-Gaeq  5.20 

Mg-Vo1-Gaeq  5.46 

Mg-clustered 

Mg-Vo1-Gaax  0.00 

Ga-Vo3-Gaax 1.92 

Ga-Vo3-Gaax  2.07 

Mg-Vo1-Mgeq  2.37 

Ga-Vo3-Gaax 5.66 

Ga-Vo3-Gaeq  6.55 

Ga-Vo1-Mgeq  7.07 

Ga-Vo5-Gaeq  7.78 

Ga-Vo5-Gaeq
 8.91 

Mg, Ga-layered 

Ga-Vo5-Gaax  0.00 

Ga-Vo3-Gaax  0.48 

Mg-Vo1-Gaax 2.34 

Ga-Vo5-Gaeq 3.45 

Ga-Vo3-Gaeq  4.56 

Mg-Vo1-Gaeq  6.52 

 
Local structure distortions 

In the following, we focus on the Mg-layered class, for which the smallest ΔE range has been 

obtained (5.46 kcal/mol), considering only the three most stable (Figures 4.4 a, 4.4 b and 4.4 

c) and the two less stable configurations (Figures 4.4 e and 4.4 f). M-O distances around 
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vacancy site (Figure 4.5), Gax-Oax-Gax’ tilting angles (Figure 4.3 c, left and Figure 4.5 c and 

d) and dihedral angles dβ, dγ and dδ (Figure 4.3 c, right and Figure 4.5 e and f), will be 

analyzed in the following sections. 

 

Figure 4.3 Pbnm unit cell of LG viewed along the a) a axis and b) b axis. Equatorial oxygen 

atoms around Gax labeled as Oα, Oβ, Oγ and Oδ. Gallium and equatorial oxygen atoms in the 

underlying layer are respectively labeled as Gax’, Oα’, Oβ’, Oγ’ and Oδ’, taking as reference 

the view along the b axis, c) on the right: dihedral angle dα showing staggering between 

polyhedra related to Oα (Oα-Ga-Ga’-Oα’). The dihedral angles Oβ-Ga-Ga’-Oβ’, Oγ-Ga-Ga’-Oγ’ 

and Oδ-Ga-Ga’-Oδ’, will be respectively named dβ, dγ and dδ. On the left: Ga-Oax-Ga’ angles 

showing tilting between polyhedra. Ga polyhedra drawn in green, La atoms in blue and 

oxygen atoms in red. 

 

a) b) 

c) 
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Figure 4.4 (2x1x2) supercells (80 atoms) of the five configurations of the doped LGM0125 

belonging to the Mg-layered macro-class considered for structural analysis: a) Ga-Vo3-Gaax; 

b) Ga-Vo5-Gaax; c) Mg-Vo1-Gaax; d) Ga-Vo3-Gaeq; e) Ga-Vo1-Mgeq. Ga polyhedra are drawn 

in green, Ga polyhedra hosting the oxygen vacancy in yellow, Mg polyhedra in orange, 

oxygen atoms in red and vacancy site in black. La atoms are omitted for clarity. 

a) b) 

c) d) 

e) 
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Figure 4.5 a) Square pyramidal MO5Vo site, drawn for a) the Ga-Vo3-Gaax configuration, b) 

Ga-Vo3-Gaeq. A detailed picture of Ga-O distances and Oax-M-Oeq is given in the Supporting 

Information S.2. Representation of Ga-Oax-Ga’ tilting angles for c) the Ga-Vo3-Gaax 

configuration, d) Ga-Vo3-Gaeq. Dihedral distorsion causing octahedra mutual rotation along 

a) b) 

c) d) 

e) f) 



106 
 

the b axis for e) the Ga-Vo3-Gaax configuration, f) Ga-Vo3-Gaeq. Ga atom hosting Vo in 

yellow, Ga octahedrally coordinated in green, Mg in orange and O in red. 

Square pyramidal MO5Vo site  

A common feature in the most stable Ga-Vo-Ga and Mg-Vo-Ga configurations, is that in Mg-

layered LGM0125 both GaO5Vo and MgO5Vo polyhedra exhibit a square pyramidal local 

environment with an “umbrella-like” distortion, where equatorial oxygen-ions are heavily 

bent towards the vacancy site. (See Figure 4.5 a and b) From the DFT calculations, both axial 

and equatorial M-Vo-Ga (M=Mg,Ga) configurations show two main features: a) shortening of 

M-O distance opposite to the vacancy sites and b) increase of Oax-M-Oeq bond angles with 

respect to undoped LaGaO3. In particular, all the configurations show three main M-O 

distances, at about 1.86 Å, 1.92 Å and 1.97 Å and three main Oax-M-Oeq bond angles, at about 

94.1°, 98.1° and 103.5°.The shortening of axial M-O distances can be related to the repulsive 

interaction between the two cations hosting the vacancy, that are placed at a larger distance 

(4.09-4.16 Å) in the doped compound. These cations tend to displace from their regular sites, 

while oxygen ions move towards the vacancy to minimize this repulsive interaction. 

For all three axial configurations considered, M-O5 axial distances generally correspond to the 

shortest M-O distances, while equatorial distances are split in i) two shorter distances M-O2 

and M-O4 (M’-O2’ and M’-O4’) and ii) two longer distances M-O1 and M-O3 (M’-O1’ and 

M’-O3’), except for the Mg-Vo1-Gaax configuration, where Mg-O1’ Mg-O2’, Mg-O3’ and Mg-

O4’ distances are around 1.96 Å. The vicinity of Mg with respect to the vacancy seems to lead 

to larger distortions of the local geometry around the vacancy. Indeed, in the case of Ga-Vo3-

Gaax, where Mg is 3rd neighbour to Vo, the local environment around the conducting site is 

less symmetric than in the case of Ga-Vo5-Gaax, where Mg is 5th neighbour: in the first case, 

Oax-M-Oeq angles are strongly different to each other, with only O4 and O2’ heavily bent 

towards the vacancy site with an angle of about 106°, while in the second case O2, O4, O2’ and 

O4’ are all bent towards the vacancy at about 105° (see Table S.2.7 of the Supporting 

Information S.2). In the case of Mg-Vo1-Gaax we have again only O2 on Ga and the O4’ on 

Mg bent towards the vacancy with a lower angle than in the Ga-Vo3-Gaax.  

For the two equatorial configurations considered, axial M-O2 and M’-O2’ distances are also 

strongly shortened. In Ga-Vo3-Gaeq, the Ga axially surrounded by two Mg has a more strained 

local environment, with Ga’-O4’ and Ga’-O5’ showing a very short distance at 1.86 Å and 

Ga’-O1’ and Ga’-O3’ a longer one at 1.98 Å. On the other side Ga axially surrounded by two 
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Ga atoms has all the Ga-O equatorial distances centred at 1.93 Å. Finally, the Mg-Vo1-Gaeq 

configuration present a more symmetric local environment, with all the Ga-Oeq distances 

centred at 1.94 Å and all the Mg-Oeq distances centred at 1.98 Å. In addition, both equatorial 

configurations considered show less markedly bent equatorial oxygen sites, with Oax-M-Oeq 

angles between 98-102°.  

All in all, oxygen ions are strongly bent towards the vacancy in the case of the three axial 

configurations considered, while they are less markedly bent in the case of the two less stable 

equatorial configurations. (See Table S.2.7 of the Supporting Information S.2). 

Tilting and dihedral distortion 

Another noteworthy structural feature of doped lanthanum gallate concerns the distortion 

related to a) the Ga-Oax-M’ bond angles (M’=Ga, Mg) (Figure 4.5 c and d), which describe 

the tilting along the b axis between corner sharing GaO6 or MgO6 octahedra, and b) the Oeq-

Ga-M’-Oeq’ dihedral angles referred to the ac plane of Oeq of corner sharing octahedra. All 

data corresponding to tilting and dihedral angles computed are respectively reported in Table 

S.2.8 and Table S.2.9 of the Supporting Information S.2. Angles involved in tilting (Ga-

Oax-Ga’) and dihedral distortion (dα, corresponding to Oα-Ga-Ga’-Oα’ dihedral angle) for 

undoped LG are represented in Figure 4.3 c. 

In undoped LG (Figure 1.a), a marked tilting of GaO6 octahedra, with Ga-Oax-Ga angle of 

about 159° was found in our calculations, which is slightly smaller than the experimental 

value arising by EXAFS data analysis (166°). Dihedral distortion between GaO6 octahedra is 

absent in the undoped material, with a null Oeq-Ga-Ga’-Oeq’ dihedral angle. When two Mg 

cations and one vacancy are simultaneously introduced in a (2x1x2) LG supercell, local 

effects on these angles appear due to the size mismatch between ionic radii on the octahedral 

B site (GaVI
3+= 0.62 Å and MgVI

2+=0.72 Å). 

Two main effects can influence Ga-Oax-M’ bond angles: a) the axial or equatorial position of 

the vacancy with respect to Ga or Mg; b) the proximity of Mg to the vacancy and to the other 

cation involved in the bond angle. While the first effect seems to have an influence on the 

energy of the system (axial vacancy configurations are generally more stable than equatorial 

ones), the proximity of Mg to the vacancy does not seem to affect the stabilization of the 

different configurations (e.g. axial Ga-Vo3-Gaax and Ga-Vo5-Gaax configurations having Mg 
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as 3rd or 5th neighbour with respect to the vacancy have the same stability), but seems to have 

a marked effect on the local distortions around the vacancy site.  

When the vacancy is in axial position (favourite energetic condition), regardless of its location 

between two Ga atoms or between Ga and Mg, the Ga-Oax-M’ tilting angles are always 

similar. For Ga-Vo3-Gaax and Mg-Vo1-Gaax, where Mg is 3rd and 1st neighbour with respect to 

the vacancy, two angle distributions can be found at about 157° and 162°, while for Ga-Vo5-

Gaax, where Mg is 5th neighbour, the tilting angles are centred at about 157°. In every case, the 

tilting computed in axial configurations is very similar to the one theoretically found for 

undoped LG, around 159°.  

On the other hand, if the vacancy is in equatorial position, the local structure is much more 

strained and a large difference can be highlighted between Ga-Oax-M’ tilting angles (See 

Supporting Information S.2, Table S.2.9). Equatorial Ga-Vo3-Gaeq and Mg-Vo1-Gaeq 

configurations show a distribution of three tilting angle values, of about 151°, 159° and 165°. 

In every case, LGM0125 theoretical tilting angles are in agreement with the experimentally 

found average value arising from EXAFS data analysis (161°).  

Finally, dihedral distortions between adjacent corner sharing octahedra on the ac plane can 

also be evidenced for LGM0125 (see Figure 4.3 c and) and reported in Table S.2.10 of the 

Supporting Information S.2. Dihedral distortions between octahedra are again dependent on 

the proximity of the Mg to the vacancy: they are present by the same amount (10-14°) only 

for axial Ga-Vo1-Mgax and Ga-Vo3-Gaax where Mg is 1st and 3rd neighbour with respect to the 

vacancy, while, for Ga-Vo5-Gaax where Mg is 5th neighbour of the Vo, they are negligible 

(0.02 to 0.74°), almost like in undoped LG. Clearly, this result contrasts with tilting related to 

Ga-Vo-M’ angles, where the strained angles can be found only in proximity of the vacancy.  

Electronic Structure 

In oxygen-ion conductors, when an acceptor dopant (e.g. Mg2+ on Ga3+ B-site) is introduced 

in the lattice to ensure the formation of oxygen vacancies, new electronic states are created 

close to edge of the conduction band. This leads to the formation of a new defect state in the 

band gap taking up some of the Mg electron density, and to a decrease of the electronic band 

gap when going from the undoped to the doped compound.32,33 When electronic properties of 

such materials are accurately investigated and understood, hybrid functionals or other 

formulations correcting for self-interaction error are therefore required.34 Few theoretical 
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calculations of the band gap for both undoped and doped LaGaO3 have been reported so far in 

literature. (see Ref.32,35 for some recent publications). A band gap value of 3.5 eV was 

reported for undoped LG in a previous DFT investigation performed at the PBE level,32 which 

is in reasonable agreement with the PBE value obtained here (4.29 eV), especially if we are 

only interested in a qualitative comparison of the electronic structures of the different 

configurations. In the following, only PBE0 data for all density of states (DOS) and band gap 

calculations have been considered. 

From Table 4.4, as expected, it is clear that the band gap energy decreases when going from 

undoped LG (7.10 eV) to the Mg-doped compound, with values ranging between 5.50 and 

6.03 eV, the lowest band gaps being obtained for the two least stable equatorial 

configurations.  

Table 4.4 Computed PBE0 band gaps for undoped LG and five different configurations of the 

Mg-layered macro-class for LGM0125. 

Compound Configuration Band Gap 

(eV) 

LG -- 7.11 

LGM0125 

(Mg-layered) 

Ga-Vo3-Gaax 5.86 

Ga-Vo5-Gaax 6.03 

Ga-Vo1-Mgax 5.79 

Ga-Vo3-Gaeq 5.50 

Ga-Vo1-Mgeq 5.70 

 

Since total and partial DOS show similar features for all the axial and equatorial vacancy 

configurations investigated for Mg-layered LGM0125, in Figure 4.6 we only present DOS 

computed for undoped LG and the most-stable Ga-Vo3-Gaax configuration of the Mg-layered 

macro-class of LGM0125. DOS of all other four configurations belonging to the Mg-layered 

macro-class are given as supplementary material. 
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From Figure 4.6, it is clear that only subtle differences can be evidenced between undoped 

LG and the doped material. In particular, a small contribution around 6eV can be observed for 

the latter compound, corresponding to the O vacancies introduced in the material. In addition, 

the overlap between O2p and Ga3d or La3d contributions is very small, suggesting a dominant 

ionic character of the Ga-O and La-O bonds. A weak overlap can be evidenced at the top of 

the valence band at around -15 eV. Another interesting feature arising from the DOS analysis 

is that the Ga total contribution (Gatot) corresponds almost exactly to the Ga3d one, suggesting 

that the 3d orbitals are the main contributors to the bonding with O2p in LGM0125, the 

valence Ga4s and Ga4p orbitals having negligible contributions in the energy interval 

considered. 

Interestingly, Ga3d contribution of a Ga cation far from the Vo site (Ga3d
f, where “f” means 

“far”) are shifted of about 0.5 eV at higher energies than those close to it (Ga3d
c, where “c” 

means “close”). This can be related to the presence of the vacancy between two Ga atoms, 

which induces repulsion between these two cations, as they tend to be displaced from their 

regular sites due to a stronger interaction with the surrounding oxygen ions. This then leads to 

a larger Ga-Ga distance and shorter Ga-O bonds with respect to the undoped LG compound. 

On the other hand, if we compare the O2p partial DOS of the 5 oxygen-ions group surrounding 

one Ga that host the Vo (O2p
c) with the group of 6 oxygen-ions surrounding a Ga far from the 

Vo (O2p
f), almost no significant differences can be evidenced in terms of position of the DOS 

contribution, suggesting that O atoms are too far from the vacancy for their contribution to the 

DOS to be significantly affected. 

Finally, for all oxygen vacancy configurations investigated, we note that the averaged 

computed Mulliken atomic charges of 2.4, 1.4, 1.6 and -1.3 |e-| for La, Ga, Mg and O atoms, 

respectively, are very close to the values obtained for undoped LG, confirming the mostly 

ionic nature of the chemical bonds described previously. Some slight differences can however 

be evidenced when considering atoms as a function of their distance from the O vacancy. In 

particular, for Ga, from Table 5, Gaf values are very similar to those of undoped LG while 

Gac ones have smaller values, due to the residual negative charge left on the vacancy site 

upon doping. 
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Table 4.5 Mulliken atomic charges for the five configurations of the Mg-layered macro-class 

of LGM0125 considered, along with undoped LG. Gallium atoms far (Gaf) and close (Gac) to 

the oxygen vacancy (Vo) are considered for LGM0125. 

SYSTEM CONFIGURATION Gaf Gac Vo 

LGM0125 Ga-Vo3-Gaax 1.40 1.27 -0.12 

Ga-Vo5-Gaax 1.37 1.28 -0.11 

Ga-Vo1-Mgax 1.39 1.25 -0.17 

Ga-Vo3-Gaeq 1.38 1.22 -0.13 

Ga-Vo1-Mgeq 1.38 1.22 -0.18 

Ga 

LG - 1.39 

 

 

 a) 
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Figure 4.6 Total and partial PBE0 density of states of (a) undoped LG and (b) doped Ga-Vo3-

Gaax. The inset shows the atomic (Gatot) and 3d (Ga3d) contributions of all Ga, those close 

(Ga3d
c) and far (Ga3d

f) from the O vacancy, as well as that of the 2p orbitals of all O atoms 

(O2p), and those close (O2p
c)  and far (O2p

f) from the O vacancy.  

3.2 Oxygen-ion diffusion paths in LaGa0.875Mg0.125O2.935 

The oxygen-ion diffusion paths explored for the LGM0125 Mg-layered macro-class are 

drawn in Figure 4.7. Mg-Vo1-Gaeq and Ga-Vo5-Gaeq configurations have been chosen as 

starting point, in order to probe the diffusion paths around Mg and around Ga B-sites. To this 

end, relaxed scan calculations for one oxygen diffusing from its lattice position to the selected 

vacant site has been carried out. For each configuration, three paths (two “equatorial- to-

equatorial” and one “axial-to-equatorial”) have been explored and the activation energy 

barriers (Ea) have been evaluated and reported in Table 4.6. 

b) 
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Figure 4.7 oxygen-ion diffusion paths selected for 2x1x2 LGM0125 supercell. Mg are drawn 

in pink, Ga in purple and O in red. Atoms not involved in the considered diffusion path are 

depicted in grey for clarity. Black arrows indicate the direction of the diffusing ion. 

It is clear that the activation energy barrier is much larger for oxygen diffusion around Mg, 

with values ranging from 1.56 to 1.99 eV for the Mg-Vo1-Gaeq configuration. On the other 

side, the activation energy barrier is lower for the diffusion around Ga in Ga-Vo5-Gaeq 

configuration, with values from 0.99 eV to 1.17 eV. 

In general, there is not a big energy difference between the diffusion from an axial site to an 

equatorial one or from an equatorial site to another equatorial site, but a significant difference 

can be found between diffusion around Ga site, which seems much favoured, and Mg site. 

This feature can be attributed to the higher local distortions around Mg sites, previously 

discussed in Section 3.1, which are found to affect the equivalence of oxygen-ion conducting 

sites. 
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Diffusion paths are underway to be tested also for the Ga-Vo3-Ga configuration, where Mg is 

3rd neighbour with respect to the vacancy, in order to compare with the conducting sites 

depicted in the previous Section. 

Table 4.6 Activation energy barrier (Ea) in eV for the analyzed oxygen-ion diffusion paths. 

Again, Mg is drawn in pink, Ga in purple and O in red. Black arrows indicate the direction of 

the diffusing ion. 

Oxygen-ion diffusion path Ea (eV) 

 

1.99 

 

1.86 

 

1.56 

 

1.17 

 

0.99 



115 
 

 

1.09 

 
3.3 Effect of doping and co-doping on LaGaO3 perovskite-like 

structure 

In Sections 3.1 and 3.2 the effect of Mg doping on the B-site in term of local distortions, 

interaction between vacancy and B-site cations and favoured oxygen-ion diffusion paths has 

been evaluated by computational modelling limited to B-site doping. Nevertheless, it is 

extremely important to evaluate the local structural features of the La1-xSrxGa1-yMgyO3-δ and 

La1-xSrxGa1-y(Mg,Co)yO3-δ electrolytes, that show the highest ionic conductivity at 

intermediate temperatures. 

To this end, the Ga K-edge EXAFS data analysis is reported in this section, with the aim to 

draw a complete picture about:  

 the structural effects induced by the simultaneous doping of the A- and B-site of 

LaGaO3; 

 the structural effect of Mg and Co B-site co-doping. 

These features are related to the functional properties of the materials and some perspectives 

about further development of the study are given.  

Moreover, static and in situ XAS data, acquired at the Co K-edge, are collected in order to 

assess the effect on the Co electronic structure of SOFC operative temperatures. 

Table 4.7 shows the results concerning X-Ray Diffraction characterization. The long range 

structure of these compositions is strongly affected by Sr concentration. Indeed, compositions 

with 20%mol of Sr in the A site belongs to R-3c rhombohedral space group (Figure 4.8 b), 

while under this concentration the materials retain the Pbnm orthorhombic structure (Figure 

4.8 a), typical of undoped LG (See Supporting information S.2).  
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Table 4.7 Space group for LSGM and LSGMC samples from XRD characterization. 

SAMPLE FORMULA SPACE GROUP 
LSGM1020 La0.9Sr0.1Ga0.8Mg0.2O2.85 Pbnm 
LSGM2020 La0.8Sr0.2Ga0.8Mg0.2O2.80 R3-c 
LSGMC0505 La0.95Sr0.05Ga0.8Mg0.15Co0.05O2.875 Pbnm 
LSGMC1005 La0.9Sr0.1Ga0.8Mg0.15Co0.05O2.85 Pbnm 
LSGMC2005 La0.8Sr0.2Ga0.8Mg0.15Co0.05O2.80 R-3c + two different segregation 
LSGMC2010 La0.8Sr0.2Ga0.8Mg0.1Co0.1O2.80 R-3c (P4-21m melilite <4%) 
 

                  

  

Figure 4.8 a) orthorhombic Pbnm and b) rhombohedral R-3c unit cells. Ga polyhedra are 

depicted in green, La in blue and oxygen in red. 

EXAFS data analysis on Ga K-edge (Table 4.8, Figure 4.9) was carried out using exactly the 

same model previously described for the modelling of LG and LGM0125. The results 

concerning the Ga-O-M (M=Ga, Mg or Co) environment reveal that both doping the A-site 

with Sr and co doping the B-site with Co have an influence on the octahedra tilting angles. On 

one hand, it can be observed that compositions without cobalt co-doping (LSGM1020 and 

LSGM2020) exhibit similar tilting angles centred at 173° and 170°, regardless of the different 

Sr concentrations. On the other hand, compositions with cobalt co-doping, where the sum of 

Mg and Co concentrations is always fixed to 20%mol, behave in a different way: for example, 

in LSGMC0505 and LSGMC2005, that contain the same amount of Co (5%mol), but 

different amounts of Sr (respectively, 5 and 20%mol), Ga-O-M tilting angle significantly 

increase from 157 to 171°. This angle further increase from LSGMC2005 to LSGMC2010 

from 171 to 178°, where the increased amount of Co from 5 to 10%mol seems to further 

a) b) 
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lower the distortion. Except for LSGM0505, these values are higher than the average Ga-O-M 

tilting angle of 161° found for the optimized rhombohedral unit cell of undoped LG and it is 

in line with previous studies about the perovskite-like LaCoO3,36 where it is found that Sr 

doping on La A-site can attenuate the rhombohedral distortion, improving the Co-O-Co 

alignment. The decrease in tilting angle would be induced by the higher ionic radius of Sr 

(1.58 Å) compared to La (1.50 Å) in LaCoO3, even if in our system a further effect could be 

attributed to the increased Co concentration.  

As previously seen in Section 4.1, compositions with Co concentration ≤ to 10%mol are 

optimal for electrolyte conductivity. In particular LSGMC2005 and LSGMC2010 have the 

highest activation energy barriers for electronic conductivity (0.30-0.35 eV) at low 

temperatures, and can be used as improved electrolytes with lower ohmic resistance and 

overpotential11,12. In these compositions Ga-O-M tilting angle values was respectively found 

at about 170° and 178°: this would suggest that, as previously deduced from the 

configurational study performed for LGM0125, a decrease of the local distortions around 

perovskite B-site, with a better alignement of adjacent octahedra could be one of the 

promoting factors for evenly distributed oxygen-ion diffusion paths inside the electrolyte, due 

to the enhancement of the energetic equivalence of oxygen sites. 
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Figure 4.9 From the bottom to the top: EXAFS signal (left panel) and Fourier Transform 

(right panel) of pure LG, LSGM1020, LSGM2010, LSGMC0505, LSGMC1005, 

LSGMC2005, LSGMC2010. Data are drawn as black circles and model as a red line. 
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Table 4.8 Results for the EXAFS data analysis at Ga K-edge (R in Å, σ2 and s2 in Å2 and ϑ in 

°), with the corresponding MS paths (Ga atoms and polyhedra drawn in green, O in red and 

La atoms in purple). Debye-Waller factors related to the two-body distances are labelled with 

σ2, while those related to the MS paths are labelled with s2.  

 LG 
LSGM 

1020 

LSGM 

2020 

LSGMC 

0505 

LSGMC 

1005 

LSGMC 

2005 

LSGMC 

2010 

 

Ga-O 

R
1
 

1.95 
1.93 1.94 1.94 1.94 1.93 1.93 

σ
1

2
 0.0058 0.0100 0.0098 0.0070 0.0070 0.0082 0.0083 

Ga-La 

R
2
 3.42 3.41 3.41 3.39 3.40 3.41 3.40 

σ
 2

2
 0.0087 0.0094 0.0107 0.0083 0.0084 0.0093 0.0080 

MULTIPLE SCATTERING 

 

Ga-O-M 

ϑ1 166 173 170 157 164 171 178 

s1
2 1 1 2 1 1 1 1 

 

Ga-Ga-O 

ϑ2 150 156 156 151 153 155 153 

s2
2 1 2 10 5 2 10 10 

 

Ga-La-M 

ϑ3 108 109 109 109 108 108 108 

s3
2 1 3 10 4 7 6 5 

 

Ga-O-La 

ϑ4 112 114 115 113 113 113 113 

s4
2 1 2 3 2 2 2 3 

 

Ga-O-M 

ϑ5 154 159 159 155 156 156 155 

s5
2 10 10 10 10 10 10 10 
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XAS measurements on these samples were acquired also at the Co K-edge. EXAFS data 

modelling of Co local environment, together with XANES spectra simulations are currently 

under analysis, in order to unravel the role of cobalt local environment in the oxygen-ion 

conductivity of the material. For what concerns XANES spectra (Figure 4.10), all the 

samples show edge features typical of Co3+ in a LaCoO3-type environment.36,37 The main 

absorption (edge position at about 7725 eV) can be attributed to the 1s 4p transition. 

Moreover, the near edge spectra show two pre-edge features appearing below 7715 eV, that 

can attributed to Co3+ 1s 3d transitions: these two features are probably related to the 

splitting of 3d orbitals in t2g and eg orbitals, according to the octahedral crystal field.36 

 

Figure 4.10 XANES spectra of co-doped samples acquired at Co K-edge (77 K). 

 

The Co K-edge in situ XAS experiments on the La1-xSrxGa1-y(Mg,Co)yO3-δ electrolytes 

yielded useful data to the aim of studying the influence of Co dopant on the electronic 

structure and the oxygen-ion diffusion in the temperature range 25-750°C (IT-SOFC 

operating temperature). 

As the temperature increases, an edge shift towards lower energies ranging from 0.43 eV to 

1.6 eV can be found, with LSGMC0505 having the larger shift both in air (1.3 eV) and in He 
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atmosphere (1.6 eV) (Figure 4.11 a and 4.11 b). This result is compatible with a low spin 

(t2g
6eg

0) to high spin (t2g
4eg

2) transition in the Co3+ electronic structure.38 Further analysis is 

underway in terms of XANES simulation, in order to model Co K-edge transitions and study 

the electronic structure of the material.  

 

 

 

Figure 4.11 XANES spectra at different temperatures on Co K-edge acquired for 

LSGMC0505 a) in air and b) in He atmosphere. 

a) 

b) 
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4. Conclusions 

In this chapter a comprehensive XAS and DFT study about perovskite-like lanthanum gallate 

has been presented, with the aim to understand the vacancy interaction with the B-site cations, 

the favoured oxygen-ion diffusion paths and the influence of doping and co-doping on the 

local structure and the electronic features around perovskite B-site. 

In Section 3.1 a comprehensive investigation of the B-site interaction with oxygen vacancy 

defects in perovskite-type LGM0125 using a combined DFT, EXAFS and XRD approach has 

been reported. Through EXAFS analysis, the average bond distances, disorder factors and MS 

bond angles were characterized, resulting in an increasing of Ga-O-M tilting between GaO6 

octahedra upon B-site substitution. The DFT simulations of specific defective sites allowed 

overcoming the average picture provided by EXAFS and in particular the preferential 

distribution of oxygen vacancies around Ga was confirmed.  

To probe the structural features and local distortions of the conducting site, and to find the 

most stable Mg dopant configurations, the DFT approach was combined with a 

comprehensive configurational analysis based on symmetry-independent classes. Among the 

three macro-classes evidenced, the Mg-layered one showed the narrower energy range for all 

configurations generated and hence an overall greater equivalence of conductive sites, which 

might potentially enhance oxide conductivity.  

Simulations of defective sites of type Ga-Vo-Mg and Ga-Vo-Ga, belonging to the Mg-layered 

class, evidenced umbrella-like distortions, characterized by oxygen-ions heavily bent towards 

the vacancy site. Both axial and equatorial oxygen vacancy arrangements were considered, 

and the former were found the most stable. This evidence was explained by local distortion 

arguments involving tilting and dihedral distortions around the conducting site related to the 

position of Mg with respect to the oxygen vacancy.  

The electronic structure investigation highlighted a prevailing ionic character of the Ga-O 

bond, dominated by Ga3d and O2p orbitals, with only minor differences between the parent 

undoped LG compound and the doped material.  

In conclusion, the computational approach reported in Section 3.1 clarifies the structural 

rearrangements involved by the insertion of Mg2+ in the B-site of lanthanum gallate.  
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Basing on these results, in Section 3.2 oxygen-ion diffusion paths have been investigated for 

the Mg-layered configuration of LGM0125, in order to clarify the influence of B-site cation 

on the ionic conductivity. From the activation energy values it is clear that diffusion is much 

favoured around Ga sites, while it is hindered around Mg dopant. This could be connected to 

the higher degree of distortion found around Mg site, that lowers the energetic equivalence of 

oxygen sites. 

Finally, in Section 3.3 the influence of Sr doping on the A-site and co-doping with Mg and 

Co on the local structure features around Ga B-site in the complete La1-xSrxGa1-yMgyO3-δ and 

La1-xSrxGa1-y(Mg,Co)yO3-δ electrolytes has been probed. Compositions without cobalt co-

doping (LSGM1020 and LSGM2020) exhibit similar tilting angles centred at 173° and 170°, 

while compositions with cobalt co-doping, where the sum of Mg and Co concentrations is 

always fixed to 20%mol, behave in a different way: in LSGMC0505 and LSGMC2005, Ga-

O-M tilting angle significantly increase from 157 to 171°. This angle further increases (from 

171 to 178°) going from LSGMC2005 to LSGMC2010, showing that the increased amount of 

Co further attenuates the distortion and likely favours oxygen-ion conductivity due to more 

evenly distributes diffusion paths within the LG matrix. 

XANES data taken at 77K and in situ (25-750°C, 10°C/min) at the Co K-edge have been also 

presented. These XANES spectra allow to determine that Co is present in the LG matrix as 

Co3+. The shift towards lower energy, observed as the temperature increases, is compatible 

with a LS→HS transition, with the maximum shift observed for LSGMC0505 sample. This 

preliminary interpretation, that should be corroborated by Co K-edge simulations, allows to 

obtain information about the electronic structure of cobalt co-dopant at low and IT operative 

temperature, useful for further computational analyses.  
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CHAPTER 5 

Probing electrode-electrolyte interfaces by SXM  

 

In this chapter the results concerning the electrode-electrolyte compatibility probed by 

Scanning X-Ray Microscopy (SXM) are presented and discussed. The aim of the study is to 

demonstrate that SXM is a powerful tool to probe chemical compatibility between SOFC 

components. The technique was applied for the first time to the study of an electrode-

electrolyte interface and the couple LNC-LSM was chosen for tuning the experimental and 

data analysis procedures. These results were object of a publication in Chemistry of 

Materials.1 An application of SXM to the couples LSCF-SDC and LSM-SDC has been also 

reported.  

 

1. Motivation of the study 

Electrode-electrolyte compatibility is a fundamental issue of a SOFC device assembly. 

Indeed, the choice of the materials is strongly influenced by the chemical compatibility 

between components and cation interdiffusion at the interface must be minimized, in order to 

avoid hampering of ionic transport and to ensure long-term durability and efficiency of the 

cell. 

Synchrotron Scanning X-Ray Microscopy (SXM) is a widely used technique in the fields of 

cultural heritage, biology and geology.2–6 Basing on X-Ray Fluorescence (XRF) contrast, 

SXM allows acquiring XRF maps that constitute a powerful tool for the microchemical 

analysis (μ-XRF). Moreover, information about the local structure and chemical state of the 

constituent chemical species (μ-EXAFS and μ-XANES) can be achieved in selected points, 

together with quantitative mapping: these additional information are not obtainable by 

electron probe based techniques7–9 and add local structure details about the fate of the 

interdiffusing cations. 

The aim of this work is to demonstrate that SXM is a powerful technique to probe electrode-

electrolyte compatibility in SOFC assembly. The technique is applied for the first time to the 
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LNC-LSM couple and a detailed report of the kind of information that can be obtained is 

given. Results relative to selected electrode-electrolyte couples are also given.  

This chapter is organized as follows. After a short description of the investigated LNC-LSM 

couple, in Section 2 the experimental methods are reported. Section 3 is dedicated to results 

and discussion. In Sections 3.1, 3.2 and 3.3 results relative to μ-XRF analysis at La L3-edge, 

μ-EXAFS at Mn K-edge and μ-XANES at Nb L3-edge are presented and discussed. In 

Section 3.4 an overview of the application of SXM to AC-SOFC assemblies is given for 

LSCF/SDC and LSM/SDC. Finally, conclusions are drawn in Section 4. 

The LNC-LSM couple 

LNC (Ca-doped lanthanum niobate) is a proton conductor having the scheelite structure. 

Proton insertion in the LNC matrix is accomplished by the defect reaction: 

2CaO+2LaLa
x+H2O+2OO

x  2OHO
∙+2CaLa

’+La2O3  

clearly demonstrating the 1:1 relation existing between Ca dopants and lattice protons hosted 

in the lanthanum niobate matrix. LSM (Sr-doped lanthanum manganate) is a cathodic material 

with a perovskite-like structure, characterized by good electronic conductivity and activity 

toward oxygen reduction. Figure 5.1 reports the SEM image of the joint LNC-LSM and the 

drawings of the respective atomic structures. 

Magrasò et al. have extensively investigated LNC electrolyte compatibility in both partial and 

complete cell assembly with LSM cathode and developed a complete LNC- based PC-

SOFC.7–9 Due to the low area specific resistance (ASR), the LSM-LNC cathode/electrolyte 

couple was selected to be the most performing among less performing candidates. 

By the way, despite the overall good chemical compatibility between LNC and LSM cathode 

previously demonstrated and the good stability under CO2 atmospheres, the complete cell 

exhibit fairly low performances.9  
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Figure 5.1. SEM micrograph for LSM-LNC assembly at the interface. LSM cathode and 

LNC electrolyte phases are drawn together with the unit cell structures. 

2. Experimental methods 

Electrode-electrolyte assembly. La0.8Sr0.2MnO3-δ/La0.98Ca0.02NbO4-x (LSM/LNC) bilayers 

were prepared at the IENI-CNR in Genova by Dr. Giovanna Canu. The cathode/electrolyte 

assembly was prepared by pressing together the dense LNC pellet with LSM powder and the 

resulting bilayers were treated in three different ways: i) Sample A: 1150°C for 12 hours; ii) Sample B: 1150°C for 36 hours; iii) Sample C: 1250°C for 72 hours. 

All the assembled bilayers were embedded in epoxy-resin, cut and polished, in order to 

expose the interlayer surface. 

Characterization. Cation interdiffusion at the interface was characterized by synchrotron 

Scanning X-Ray Microscopy (SXM) at the beamline ID21 of the European Synchrotron 

Radiation Facility (ESRF).  μ-XRF maps were acquired at La L3-edge, Nb L3-edge and Mn 

K-edge, by scanning the electrode/electrolyte bilayer in two dimensions with a 

submicrometric beam, using a size step tuneable between 0.25 μm and 1 μm. The X-ray 

fluorescence (XRF) photons emitted by the sample are collected using an 80-mm2 Silicon 

Drift Diode (SDD) detector (Bruker, Germany). Each pixel of the μ-XRF map contains a 

La0.98Ca0.02NbO4−x

La0.8Sr0.2MnO3−x

CATHODE

ELECTROLYTE
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complete fluorescence spectrum bearing the information about the elemental distribution in 

that point. The mass fraction of each element can be determined by modeling the μ-XRF 

spectra either pixel-by-pixel, or integrating the intensity over a region. μ-XANES and μ-

EXAFS measurements were acquired in selected points of the fluorescence maps, in order to 

probe the chemical state and resolve the local structure around the absorber.  

Fitting of the μ-XRF spectra and deconvolution of the elemental distributions was carried out 

using the PyMca software10 (See Supporting Information S.3 for details). μ-EXAFS data 

analysis was performed with Viper.11 XANES simulations were performed with FEFF9.12 

3. Results and discussion 

3.1 μ-XRF: La-L3 edge 

Elemental distribution analysis was carried out at the La L3-edge, due to the suitability of this 

energy (5.5 keV) for the calcium determination (Ca K-edge at 4.0 keV). Indeed, the absence 

of overlap between the Kα lines of Ca and the L lines of La allows determining without 

interferences the concentration profiles across different regions of the μ-XRF map.  

Elemental distribution analysis was carried out on Sample A, annealed for 12 hours at 

1150°C. In Figure 5.2, the μ-XRF map showing the Ca2+ concentration is drawn, together 

with the concentration profiles measured across the boundary between LSM and LNC. Ca2+ 

diffuses towards the LSM cathode, giving rise to a sharp segregation of the dopant in the 

LSM region at the interface with the LNC electrolyte. This Ca2+ segregation is extremely 

detrimental for the performance of the device, because dopant depletion involves a 

consequent decreased concentration of the mobile H+.  

The quantitative elemental analysis was carried out on three different regions of the map, 

drawn in Figure 5.2a: 

i) Region 1: bulk LSM cathode. 

ii) Region 2: LSM/LNC interface. 

iii) Region 3: bulk LNC electrolyte. 

Concentration map and profiles acquired at La L3-edge are shown in Figure 5.3 a and b.  
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The XRF spectra (Figure 5.2 b, c and d) were extrapolated from these regions and fitted with 

the Pymca software10 to accomplish the deconvolution of the different fluorescence lines. The 

results of the data analysis are reported in Table 5.1. 

The diffusion of Ca2+ towards the cathode is favoured by the high structural flexibility of 

perovskite-like oxides, that can afford compositional changes by tilting and deformations of 

the octahedral structural units. The Ca insertion into the cathode perovskite-like structure is 

proved by the elemental mapping (Figure 5.2 a) and further confirmed by the μ-EXAFS data 

analysis acquired at Mn K-edge, reported in the next section. 

 

Figure 5.2. SAMPLE A: a) concentration map of Ca2+ from μ-XRF data acquired at La L3-

edge. Region 1 (bulk LSM), Region 2 (interface) and Region 3 (bulk LNC) are depicted on 

the maps. XRF spectra showing b) Region 3, c) Region 1 and d) Region 2. μXRF spectra 

(black crosses) and best fitting components are depicted. The global fitting model obtained by 

summing the component peaks is omitted for clarity. The fluorescence peaks due to the 

experimental chamber and detector (Al and Si) are depicted in dark green. 

 

Region 1 Region 2

Region 31

2

3
LNC

LSM

a) b) 

c) d) 
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              a)                                                               b) 
Figure 5.3 Sample A. a) Concentration map from μ-XRF data at the La L3-edge: Nb in red, 

Ca in green, Sr in blue; b) Concentration profiles of Sr, La, Nb and Ca measured across the 

boundary between LSM and LNC phases, rescaled for clarity. 

 

Table 5.1 SAMPLE A: Elemental Composition (Weight %) of the three Regions of Sample 

A. Manganese content is determined by difference. Such estimation is confirmed by μ-XRF 

analysis at the Mn K-edge on the same regions (see Supporting Information S.3). Regions 

1−3 are depicted in Figure 5.2. 

Element Region 1 
(LSM) 

Region 2 
(interface) 

Region 3 
(LNC) 

LSM 
(nominal) 

LNC 
(nominal) 

La 47.71 46.78 46.66 47.98 46.33 

Sr 8.765 8.176 0.071 7.56 0 

Ca 0.0407 0.3425 0.1494 0 0.27 

Nb 0.2822 1.775 31.2637 0 31.62 

Mn 23.121 22.584 0.18 23.72 0 

 

3.2 μ-EXAFS: Mn K-edge 

μ-EXAFS data analysis at the Mn K-edge was carried out on Sample C, annealed at 1250° for 

72 hours. By this treatment, it was possible to enhance the concentration of Ca2+ in the LSM 

phase and to obtain a good quality -EXAFS signal of Ca in the local environment of Mn. 

The collected data were modelled up to 4 Å. The first-shell Mn-O distance was determined at 
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about 1.99 Å and the coordination number was fixed at the octahedral value of 6. Three 

contributions, centred on average at 3.32 Å, were used to model the Mn-A contribution (A 

=La, Sr, Ca), fixing the coordination numbers according to the stoichiometry arising from μ-

XRF analysis (La0.7Sr0.2Ca0.1MnO3). Finally, one single Mn-Mn contribution at 3.92 Å was 

used to model the B-B 3rd shell interaction. The quality of the fitting to the μ-EXAFS data, 

reported in Figure 5.4, is satisfactory and, taking into account that La, Sr and Ca are very 

easily distinguishable when fitting EXAFS data, it can be concluded that Ca2+ drifts into the 

perovskite A-site of LSM. 

 

Figure 5.4 Sample C. a) Mn K-edge μ-EXAFS at the LNC−LSM interface. Experimental 

data, black; fit, red. b) Experimental Mn K-edge μ-XANES at the LNC−LSM interface 

(black) and in bulk LSM (red). 

 

 

 

 

a) b) 
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Table 5.2 Elemental composition (weight %) of three regions of sample A from XRF analysis 

at the Mn K-edge. The nominal compositions of LNC and LSM are reported for comparison. 

Regions 1-3 are depicted in Figure 5.2 a. 

 Distance (Å) Debye-Waller factor (Å2) 

Mn-O 1.99(2) 0.009(4) 

Mn-(La, Sr, Ca) 3.32(3) 0.016(4) 

Mn-Mn 3.92(3) 0.016(4) 

 

3.3 μ-XANES 

The changes in the μ-XANES spectra at the LSM-LNC interface and LSM bulk phase at Mn 

K-edge (Figure 5.4 b), further confirm that the local environment of Mn at the interface is 

modified by calcium. Therefore, the diffusion of calcium could be promoted by the formation 

of a perovskite-like phase (La,Ca,Sr)MnO3: indeed, it was recently reported that doping 

lanthanum manganite with Ca on the A-site results in the highest stability compared with Sr 

or Ba doping.13  

Finally, Figure 5.5 reports the μ-XANES spectra acquired at the Nb L3-edge respectively in 

bulk LNC and in LSM. The XANES region, which is very sensitive to the local coordination 

and oxidation state of Nb, clearly shows that Nb has a definitely different environment in bulk 

LNC (right top panel) and in LSM (right bottom). The drawings show the local structures of 

Nb in the two materials and the red curves, relative to the simulation of the respective 

XANES spectra, confirm that Nb is in tetrahedral coordination in LNC and in the octahedral 

B-site in LSM. Contrary to other cations, Nb5+ has a slower diffusion, that can not be 

appreciated in sample A, treated at high temperatures for the shorter time.  
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Figure 5.5 Sample B. Left panel, bottom: concentration map of Nb from μ-XRF data at the Nb 

L3-edge (lowest (blue) to highest (red)). Left panel, top: concentration profiles of Nb and Sr in the 

map, rescaled for clarity. Right panel, bottom: experimental Nb L3-edge μ-XANES spectrum from 

the LSM region, and simulated signal for Nb placed in the B-site of the perovskite LSM structure. 

Right panel, top: experimental Nb L3-edge μ-XANES spectrum from the LNC region, and 

simulated signal for Nb placed in the monoclinic LNC structure. In the right panels, the 

experimental data are plotted in black, and the simulations in red. 

 

3.4 SXM analysis of the interfaces SDC-LSCF and SDC-LSM 

Two more examples are reported, in order to show the suitability of SXM technique for the 

investigation of the cation interdiffusion processes involved in different electrode-electrolyte 

couples for AC-SOFC applications. 

μ-XRF colour maps for La0.6Sr0.4Co0.5Fe0.5O3/Ce0.8Sm0.2O2 (LSCF/SDC) and La0.8Sr0.2MnO3/ 

Ce0.8Sm0.2O2 (LSM) bilayers annealed for 72 hours were acquired respectively at Fe (Figure 

5.6) and Mn (Figure 5.7) K-edges.  

It can be observed that in both cases interdiffusion phenomena at the interface take place. In 

particular, the interface region show a marked interdiffusion of Sm towards the LSCF phase 

in LSCF/SDC: this  exsolution of Sm from the bulk of the SDC phase is supposed to be 

detrimental for the oxygen-ion diffusion inside the electrolyte, due to a decrease of Vo 

defects. Moreover, a segregation of Fe and Sm in the same region where Ce is depleted in the 
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electrolyte phase can be observed. Also the presence of these islands with mixed valence 

cation Fe could be detrimental for the assembly, because iron could introduce electronic 

conductivity in the electrolyte phase.  

Also the LSM/SDC bilayer (Figure 5.7) show segregation islands in the electrolyte phase, 

caused by the diffusion of Mn from the cathode to regions where a slight depletion of Ce 

takes place.  

Underway μ-XANES and μ-EXAFS analysis will allow knowing the fate of these cations in 

terms of oxidation states and local structure. 

 

                                    a)                                                          b) 

 

 c)                                                           d) 

Figure 5.6 a) cerium, b) iron and c) samarium μ-XRF concentration maps in the LSCF/SDC 

bilayer (annealed for 72 h), acquired at Fe K-edge. d) Concentration profiles for Fe, Ce, La, 

Sm and Sr across the interface.  
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                                   a)                                                         b) 

 

        c) 

Figure 5.7 a) Manganese (green) and samarium (red), b) manganese (green) and cerium 

(blue) μ-XRF concentration maps in the LSM/SDC bilayer (annealed for 72 h), acquired at 

Mn K-edge. c) Concentration profiles for Ce, Sm, Mn and Sr across the interface. 

4. Conclusions 
SXM has been successfully used to study compatibility between SOFC components. In 

particular, this technique was employed to probe LSM-LNC PC-SOFC bilayer, in order to 

unravel cation interdiffusion phenomena.  

μ-XRF analysis demonstrates that Ca2+ tends to drift from the electrolyte LNC phase towards 

the cathode LSM phase. This migration is likely balanced by La3+ counterdiffusion and, as a 

consequence of the opposite cation flows, the suppression of proton defects in the electrolyte 

phase takes place. Calcium exsolution is therefore detrimental for LNC ionic conductivity. 
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μ-EXAFS at Mn K-edge evidences that Ca2+ tends to segregate at the electrolyte-electrode 

interface and enters the perovskite A site of LSM. 

μ-XANES at the Nb L3-edge shows that the environment of niobium in LNC is tetrahedral in 

LNC. The clear evidence of octahedral environment in LSM demonstrates that also Nb drifts 

in the perovskite B site of LSM. XANES simulations confirm this interpretation. The 

availability of the LSM matrix to host Nb is attributed to the well known structural flexibility 

of perovskite materials.  

Applications are reported, showing the suitability of X-Ray Microscopy for the investigation 

of the interface diffusion processes involved in different electrode-electrolyte couples. 

LSCF/SDC and LSM/SDC bilayers were probed through SXM, showing in both cases the 

segregation of cations in the electrolyte phase.  
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CONCLUSIONS 
The development of Solid Oxide Fuel Cells technology for clean power generation has been 

strongly encouraged and funded during these years, with the aim to find valid alternatives to 

fossil fuel based plants. The low impact emissions make this kind of devices very appealing, 

but the presence of currently unsolved problems, such as the long-term durability of 

components due to the high operating temperatures and the non competitive cost, still 

constitute an obstacle to their massive commercialization.  

Material science has a fundamental role in finding solutions to overcome these issues and one 

of the main goals for research is to lower operating temperatures and reduce in this way the 

degradation rate of materials. To achieve this goal, it is necessary to investigate the structural 

properties of SOFC components in order to find correlations with their functional properties 

that could be useful to design materials with improved properties. 

This research project was focused on the study of electrolyte materials for AC-SOFC 

applications working at Intermediate temperatures (600-800°C). In particular, fluorite-type δ-

Bi2O3 and perovskite-type LaGaO3 have been studied with the aim to understand the 

structural features that have an influence on the oxygen-ion diffusion. To this end, a combined 

XAS and DFT approach was used. 

Bi1-xTaxO1.5+x solid electrolyte has been investigated, in order to understand the role of high-

valence dopants in the stabilization of the fluorite-like phase of bismuth oxide and on its 

oxygen-ion conductivity. It has been demonstrated that the high ionic conductivity of the 

material is caused by the disorder of the oxygen-ion sublattice around Bi, where oxygen-ions 

tend to be displaced from their regular site toward the faces of their OBi4 coordination 

tetrahedron, so lowering the activation energy of the system. This structural feature is likely 

determined by the electronic structure of the compound, where the stereochemically active Bi 

6s2 lone pair remains unbound with 2p oxygen orbitals. On the other side, the preferential 

pyrochlore-like Ta4O18 aggregation motives, which tend to further aggregate to form larger 

clusters depending on the Ta concentration, are involved in the stabilization of the fluorite 

phase at room temperature, but are found to hinder oxygen-ion conductivity around the 

dopant site. 

For what concerns perovskite-like LaGaO3, a comprehensive theoretical study of 

LaGa0.875Mg0.125O2.935 integrated with XAS structural characterization, is presented. The 
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computational analysis is carried out taking into account only the B site doping of lanthanum 

gallate. This approach constitutes a preliminary step, that is however necessary for tuning the 

computational protocol, toward the modellization of dopant insertion also in the A site. On the 

other hand, some sound conclusion about the mechanism of conduction can already be drawn, 

taking into account that the perovskite B site is mainly involved in the oxygen hopping 

process. It turned out that a better equivalence of oxygen-ion conductive sites is obtained for 

diluted B-site dopant configurations. Vacancies are mainly set in axial positions, as a 

consequence of local disorder involving octahedra tilting and dihedral distortions around the 

Mg-sites. Simulations of defective sites of type Ga-Vo-Mg and Ga-Vo-Ga, evidenced 

umbrella-like distortions, characterized by oxygen-ions heavily bent towards the vacancy site. 

The calculation of activation energy for the oxygen-ion diffusion paths evidenced that the 

barrier is much larger for oxygen diffusion around Mg, axial-equatorial and equatorial-

equatorial hopping paths have similar and lower energy barriers around Ga. The influence of 

co-doping with Mg and Co on the local structure features around the B-site in La1-xSrxGa1-

yMgyO3-δ  and La1-xSrxGa1-y(Mg, Co)yO3-δ has been investigated by XAS. In particular, it was 

found that the compositions that in literature are found to have a higher ionic conductivity 

(LSGM2020, LSGMC2005 and LSGMC2010) are those where the Ga-O-M (M=Mg or Co) 

angles are less strained and are set between 170 and 180°. The attenuation of the local 

distortion around Mg may be due to a size effect of Sr2+ and Co3+ that likely produces also a 

more evenly distributed diffusion paths of oxygen within the LG matrix.  

Finally, it was taken into account the influence of the electrode-electrolyte interface on the 

mechanism of ionic conduction. To this concern, a detailed study about the novel use of 

synchrotron Scanning X-Ray Microscopy (SXM) applied to investigation of the 

electrode/electrolyte compatibility is reported in this thesis. The technique was tuned on the 

LNC-LSM couple, whose chemical stability during FC operation is well established. It turned 

out that SXM, allowing the combined use of μ-XRF, μ-EXAFS and μ-XANES, is a powerful 

tool to probe cation interdiffusion at the interface between FC components. Indeed, this 

technique not only allows the microchemical analysis, like electron probe based methods 

(SEM, TEM), but it is also able to give details on the local structure of cations and on their 

chemical state in selected points of the map, where XANES and EXAFS spectra can be 

recorded. This allows understanding the compatibility issues between cell components, finely 

unveiling the fate of diffusing cations in annealed bilayers and highlighting interface 

rearrangements that can hamper ionic conductivity. 
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To sum up, this thesis is focused on some pivotal issues of ionic conductivity in SOFC 

technology, with the perspective of drawing useful hints for the design of improved FC 

materials. An integrated approach involving experimental study of local structure and 

computational simulation was exploited for the investigation of the dopant-matrix interaction 

in two of the top-performing oxygen-ion conductors, that are the fluorite-like δ-Bi2O3 and the 

perovskite-like LaGaO3. A further important aspect related to ionic conductivity, that is the 

electrode-electrolyte interface interaction, has been addressed by the first application of the 

scanning X-ray microscopy to the detailed study of the LNC-LSM couple. Exploitation of the 

technique to other electrode-electrolyte couples is underway.  
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S.1 SUPPORTING INFORMATION 
XAS and DFT study of Bi1-xTaxO1.5+x electrolytes 

Experimental details 

For the sample preparation, stoichiometric amounts of Bi2O3 (Sigma-Aldrich 99.9%) and 

Ta2O5 (Sigma-Aldrich 99.9%) were grounded in an agate mortar with the aid of about 1 mL 

of ethanol or 2-propanol (Panreac 96%). Then the mixture was dried for about 5 minutes in 

oven at 80°C to remove the solvent. All the samples were first calcined at 750°C in air for 12 

h with a ramp of 150°C/h, then ball milled for 30 minutes, re-calcined at 750°C in air for 12 

h, and eventually reground. Ball milling was carried out with zirconia jar and spheres using a 

Retsch MM200 vibrating mill. X-Ray Diffraction (XRD) data were acquired at room 

temperature, in a 2θ range of 20-120°, with a step of 0.02° and accumulation time of 4 s. 

Calibration of the instrument was made with corundum powder before and after every 

measurement. Samples for X-Ray Absorption Spectroscopy were prepared by appropriately 

diluting the Bi1-xMxO1.5+x powders with polyvinylpyrrolidone and pressing the mixture in a 

13-mm die. 

 

Impedance spectroscopy 

AC conductivity of the samples with x = 0.22 and 0.25 was measured in air with an Autolab 

FRA32M impedance analyzer (Metrohm). An AC voltage of 0.1 V was applied between 1 

MHz and 0.1 Hz at 180-800 °C using a ProboStat high-temperature cell (NorECs). The 

conductivity values at 300, 500 and 800 °C are reported together with the activation energy in 

Table S.1.1. 

 

 

Table S.1.1 – Goodness-of-fitting parameters (residual) on the Ta and Bi edge. 

 

Composition 

 

σ(300°C) 

(mS/cm) 

σ(500°C) 

(mS/cm) 

σ(800°C) 

(mS/cm) 

Ea (eV) 

x=0.22 1.44 · 10-4 0.0373 2.99 1.1 

x=0.25 2.21 · 10-4 0.0244 1.46 0.9 
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XANES analysis 

 
Figure S.1.1 XANES spectra of Ta-doped samples and reference α-Bi2O3 (black). 

 

EXAFS analysis  

Table S.1.2 Goodness-of-fitting parameters (residual) on the Ta and Bi edge. 

 

x  
R-factor Ta 

edge (%) 

R-factor Bi 

edge (%) 

0 -- 10.7 

0.075 5.6 14.8 

0.1 4.3 13.7 

0.15 5.2 9.8 

0.22 3.9 7.5 

0.25 3.0 7.8 

0.3 7.0 8.4 

 

EXAFS: Ta edge 

Amplitude reduction factor was determined by fitting a reference Ta2O5 powder, giving S0
2 = 

0.98. The octahedral coordination of Ta is confirmed also by important intraoctahedral 

colinear multiple scattering paths Ta-O-Ta-O, that are necessary for achieving a good fitting 

to the data. 
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The fitting of second shell coordination numbers around Ta, N(Ta-Bi) and N(Ta-Ta), posed 

peculiar problems, since any attempt to constrain these parameters led to unphysical results or 

very poor fitting quality. Therefore, the following approach was applied: 1) the cation-cation 

coordination numbers around Ta, N(Ta-Ta) and N(Ta-Bi), were at first allowed to vary freely; 

2) since these two parameters are positively correlated, the fitting residual is almost 

unchanged as they both increase or decrease: on the other hand, the fitting residual depends 

strongly on the ratio of Ta-Ta vs. Ta-Bi (i.e. the EXAFS technique discriminates well 

between Ta and Bi in the cation sites – as can be appreciated by the differences in their 

amplitude and phase); 3) under the assumption that the cation sublattice is fluorite-like, and 

that cation vacancies are negligible, the total cation-cation coordination number is 12, so the 

sum of N(Ta-Ta) and N(Ta-Bi) is normalized to 12, eventually obtaining the results reported 

in the main text. 

The confidence intervals of these coordination numbers is estimated in a similar fashion: 1) 

the contour plot of the function exp(-χ2) as a function of N(Ta-Ta) and N(Ta-Bi) is calculated, 

and the horizontal and vertical spread of the ellipse corresponding to 68.5% confidence 

interval is selected as the confidence interval of the fitted N(Ta-Ta) and N(Ta-Bi) values; 2) 

the contour plot of N(Ta-Ta) and N(Ta-Bi) is normalized by superimposing another map, 

which represents the normalized N(Ta-Ta) value as a function of the fitted N(Ta-Ta) and 

N(Ta-Bi) values, i.e.: 

N(Ta-Ta)norm = N(Ta-Ta) + N(Ta-Bi) / 12 

The contour plot ellipse encloses the regions in the N(Ta-Ta)norm map representing the 

confidence interval of the normalized fitted results. 
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Figure S.1.2 Contour plot of N(Ta-Ta) and N(Ta-Bi) for sample x = 0.22. The 68.5% 

confidence level falls in the yellow ellipse. 

 

 
Figure S.1.3 Normalized N(Ta-Ta) value as a function of fitted N(Ta-Bi) and N(Ta-Ta) for 

sample x = 0.22. 
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EXAFS: Bi edge 

Amplitude reduction factor was determined by fitting a reference Bi2O3 powder, giving S0
2 = 

0.65. Assuming that Bi and Ta cations are placed in a fluorite structure, i.e. a close-packed 

cubic lattice, with 8 anion sites around each cation, the average first-shell coordination 

number around cations is Nav = 6+4x, where x is the Ta content. 

In order to ensure consistency in the results between Ta and Bi first shell environments, the 

following constraints were set up during the fitting. Since the Ta edge analysis confirms that 

Ta5+ ions are 6-coordinated, the first shell coordination numbers around Bi3+ have to take into 

account the preferential interaction of oxygen vacancies with the Ta dopant. This means that 

if Ta is surrounded by 6 oxygen atoms, the effective Bi-O first shell coordination number 

must be higher than the average Nav value in order to compensate for the Ta-vacancy 

clustering. Therefore, the total N(Bi-O) coordination number was constrained during the fit to 

be higher than a Nmin value that is consistent with the preferential interaction of oxygen 

vacancies with the Ta dopant. 

This is calculated simply as Nmin = (Nav - x*N(Ta-O)) / (1-x). 

Finally, the Bi-O third shell coordination number was fixed according to oxygen 

stoichiometry, since the cation-vacancy association is averaged out as the distance from the 

absorbing atom increases. The Nav and Nmin values are reported in Table S.1.3 together with 

the average third shell coordination number NIII(M-O). 

 

Table S.1.3 Stoichiometric amount of Ta (x) for the composition Bi1-xTaxO1.5+x, average first 

shell coordination number around cations Nav M-O, minimum coordination number around Bi 

assuming all Ta atoms as 6-coordinated (Nmin Bi-O), and average coordination number of the 

third shell around cations (NIII M-O). 

x Nav (M-O) N(Ta-O) Nmin (Bi-O) NIII (M-O) 

0.075 6.3 5.9 6.3 18.9 

0.10 6.4 6.0 6.4 19.2 

0.15 6.6 6.2 6.7 19.8 

0.22 6.9 6.1 7.1 20.6 

0.25 7.0 6.1 7.3 21 

0.3 7.2 6.4 7.5 21.6 
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Table S.1.4 Results of the EXAFS analysis of undoped Bi2O3. The first shell Bi-O is split in 

two contributions, the second shell is split in three contributions: the sum of their coordination 

numbers is constrained to 6 and 12, respectively; the different contributions for each shell 

share the same disorder factor. Distances (R, in Å), coordination numbers (N) and disorder 

factors (σ2, in 10-2 Å2) are reported. Uncertainties are reported in parentheses. 

 

Bi-O Bi-Bi Bi-O 

R N σ2 R N σ2 R N σ2 

2.18(1) 4.4(1) 0.79(3) 3.58(1) 6 0.6(5) 3.85(1) 24 5.24(5) 

2.48(1) 1.6(1) 0.79(3) 4.11(1) 1.2 0.6(5)    

   4.40(1) 4.8 0.6(5)    

 

DFT calculations 

Density functional and basis sets were validated on the α-Bi2O3 structure, by comparing the 

cell parameters obtained at different level of theory with the experimental values (Pereira 

A.L.J; Errandonea, D.; Beltrán; Gracia, L.; Gomis, O.; Sans, J.A.; García-Domene, B.; 

Miquel-Veyrat, A.; Manjón, F.J.; Muñoz, A.; Popescu, C. J. Phys.: Condens. Matter 2013, 

25, 475402). These are shown in Table S.5. 

 

 

Table S.1.5 Lattice parameters and cell volume obtained with various GGA (PBE, PBEsol, 

B3PW91, SOGGA) and hybrid (PBE0, B3LYP) functionals for the monoclinic α-Bi2O3 unit 

cell. Experimental data from Pereira et al. J. Phys.: Condens. Matter 2013 25, 475402. 

 

 a (Å) b (Å) c (Å) β (°) V (Å3) 

Experimental 5.849 8.166 7.510 113.00 330.1 
      
FUNCTIONAL a (Å) b (Å) c (Å) β (°) V (Å3) 

PBE 5.914 8.016 7.378 112.96 322.1 
PBEsol 5.898 7.858 7.301 113.01 311.4 
B3PW91 5.867 7.974 7.346 113.19 315.9 
SOGGA 5.892 7.811 7.280 112.98 308.4 
PBE0 5.857 7.922 7.322 113.17 312.3 
B3LYP 5.889 8.176 7.439 113.39 328.7 
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Figure S.1.4 Calculated total and partial DOS of α-Bi2O3 (B3LYP) 

 

 

 

 
Figure S.1.5 Calculated total and partial DOS of Bi0.75Ta0.25O1.75 configuration A  (B3LYP) 
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Figure S.1.6 Calculated total and partial DOS of Bi0.75Ta0.25O1.75 configuration B (B3LYP) 

 
Figure S.1.7 Calculated total and partial DOS of Bi0.75Ta0.25O1.75 configuration C (B3LYP) 

 

Bi0.75Ta0.25O1.75 with isolated Ta4O18 clusters: cartesian coordinates of the optimized B3LYP 

structures 
TA    1.490196295241E+00  1.375110889505E+00  1.420214962815E+00 

TA   -1.243236696187E+00 -1.287453607193E+00 -4.242129017459E+00 

BI    4.142975878304E+00 -3.966404134142E+00 -1.439209085046E+00 

BI   -4.142675141586E+00 -1.399197261704E+00  4.176665014171E+00 

BI    4.213013870731E+00 -1.377061967828E+00 -4.185329942364E+00 

BI   -1.167463690195E+00 -4.230867032930E+00  4.261330542563E+00 

TA   -3.963143201424E+00 -1.187852951704E+00 -1.441966023836E+00 

BI    1.495960321877E+00 -3.932172055371E+00 -4.037607661813E+00 

BI   -1.430460800580E+00 -1.350485480020E+00  1.463728677161E+00 

TA    4.174970618054E+00  1.284474713639E+00  4.167860289945E+00 

TA    4.224692830477E+00  3.916540403554E+00  1.395406162539E+00 

TA   -1.471954317107E+00 -3.904878493160E+00 -1.187229219941E+00 

TA   -3.957163525711E+00 -3.987421524870E+00 -3.966258980101E+00 

BI    1.182491000969E+00 -1.189060188170E+00 -1.220788491158E+00 

TA    1.486439092881E+00  4.023192136598E+00  4.011076363211E+00 

BI   -4.061680999786E+00 -3.931160162862E+00  1.481252997266E+00 

BI   -4.076992412284E+00  1.277525931544E+00 -4.109935148033E+00 

BI    4.151583926917E+00 -1.383960220491E+00  1.375494209370E+00 
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BI   -1.459329716219E+00  1.364854538576E+00  4.062137555039E+00 

BI    1.348499602411E+00  3.985438488141E+00 -1.659060654155E+00 

BI   -1.455045715953E+00  4.066972380936E+00  1.326636578756E+00 

BI    4.105798926697E+00  1.261948545879E+00 -1.415229243657E+00 

BI    1.213496289020E+00 -1.320467466855E+00  4.011036364470E+00 

BI   -4.074116399806E+00  1.268909185141E+00  1.346059135115E+00 

BI    4.160995517855E+00  3.946453372804E+00 -4.000483802734E+00 

BI   -1.404213395972E+00  1.380511747027E+00 -1.385209779736E+00 

BI   -1.350092226751E+00  3.966238147874E+00 -4.037285328004E+00 

BI    3.849046644309E+00 -3.933298169895E+00  4.000717638626E+00 

BI    1.403730856352E+00 -4.275497682126E+00  1.112552990125E+00 

BI   -3.998874951032E+00  4.040161979322E+00  4.067131464839E+00 

BI   -4.042278127394E+00  3.937971985468E+00 -1.365583617832E+00 

BI    1.428372132502E+00  1.150449518693E+00 -4.116764754624E+00 

O    -5.400484382227E+00 -2.020386732262E-01  5.408493805501E+00 

O    -5.326100166419E+00 -5.575864065034E-01 -7.948970151921E-02 

O    -2.287272390201E-02 -4.067782307179E-02  5.305551793741E+00 

O    -2.701055217468E-01  5.288637466407E+00 -6.020233664552E-01 

O     2.464941344189E+00 -3.004853701025E+00  2.529762759022E+00 

O    -2.789980735503E+00  2.664874298200E+00 -2.659207330235E+00 

O    -2.859660808490E+00  2.803707047478E+00  2.614415951490E+00 

O     2.808571698352E+00  2.542910157442E+00 -2.868443196444E+00 

O     2.345923227859E+00  6.103252206968E-02  1.895241448553E-01 

O    -2.432276232321E+00 -1.715131869438E-01 -5.356971013815E+00 

O     3.699919107165E+00  5.196920337481E+00  3.538147141223E-02 

O    -3.277004368394E+00  5.467489662797E+00 -5.216100794714E+00 

O     2.044737737683E-01  1.928180796935E+00  1.208020246584E-01 

O    -3.202428080234E-01 -3.015534523975E+00  3.852146910237E-01 

O     5.277726612668E+00  2.299793796976E+00 -5.501730843739E+00 

O     1.733413277038E-02  3.621225218762E+00  5.149297200642E+00 

O    -5.673135158769E+00 -3.188421543464E+00  2.704023960733E-01 

O    -5.422477981381E+00  2.916269136939E+00  1.264357269724E-01 

O     2.152951646239E-01 -8.239721084449E-02  2.059534535337E+00 

O    -5.295777270818E+00 -4.610913124738E-02 -2.568455353101E+00 

O     5.309579368417E+00  7.274217786520E-02  2.975947962069E+00 

O     3.599353140651E-01  5.181135545152E+00 -3.261737046815E+00 

O    -4.824529555087E-02 -2.804417687091E-01 -3.099721046916E+00 

O    -2.645673024110E+00 -6.795810681001E-01 -2.760491360324E+00 

O     2.713563446479E+00  7.009257580126E-01  2.905019123880E+00 

O     2.923882623650E+00  5.283496981775E+00 -2.688009979348E+00 

O    -2.757763966086E+00  3.251736202264E-02  2.787849629172E+00 

O     5.256102597304E+00 -2.596481967166E+00  2.940830834471E+00 

O     8.381990892051E-01  2.734642177785E+00  2.696396463336E+00 

O     5.416794891814E+00  2.759337583802E+00 -2.680558289846E+00 

O    -2.531342896313E+00 -2.719744680134E+00 -4.542124031215E+00 

O     2.421103895690E+00 -2.863544709731E+00 -6.741511280033E-01 

O    -2.724307438864E+00  2.684662213199E+00  5.330331239530E+00 

O     2.842480216645E+00  2.646020379020E+00  8.257324892037E-01 

O    -8.850508820417E-01 -2.385407178585E+00  3.268458739919E+00 

O    -4.593206657808E+00 -2.648928361777E+00 -2.549112699118E+00 

O     2.571522660554E+00 -2.086608776601E-01 -2.611371832194E+00 
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O    -2.598883703170E+00 -5.239547367551E+00  2.960340588431E+00 

O    -2.819389770099E+00 -2.572689032917E+00 -6.121300040972E-01 

O     2.928334717071E+00 -2.454017993032E+00  5.245413077326E+00 

O     6.590365175500E-02 -2.584367647626E+00 -5.130003947955E+00 

O     3.089216212065E+00  1.952834017754E-01 -5.338995206989E+00 

O    -2.905301791116E+00  7.712440373088E-02 -2.263932486976E-01 

O    -5.251899448701E+00 -5.266332274688E+00 -3.288547021767E+00 

O     2.641120375783E-01 -5.185217199956E+00  2.909288838415E+00 

O     1.963399680714E+00 -5.102832073067E+00  5.134096419715E+00 

O    -2.763169015376E+00 -5.110724789163E+00  1.757937594943E-01 

O    -5.216634341807E+00 -3.065593984115E+00 -5.168279762106E+00 

O    -5.977365879600E-01 -2.797359868695E+00 -2.414498239645E+00 

O     4.768961588362E+00  2.637123523320E+00  2.803295837633E+00 

O     2.747910243798E+00  2.772608226305E+00  4.680549480727E+00 

O     2.891919253277E+00  4.701236677447E+00  2.665126265776E+00 

O    -2.627939401121E+00 -4.674256992952E+00 -2.555334748571E+00 

O    -5.197682827339E+00  5.060866993544E+00  2.041478627189E+00 

O    -2.571286558957E+00  2.769585062024E+00 -7.659849591519E-02 

O    -7.601529579087E-02  2.670211428312E+00 -2.776397944294E+00 

 

Bi0.75Ta0.25O1.75 with tantalum strings: cartesian coordinates of the optimized B3LYP 

structures 
TA    1.280721816287E+00  1.440562197937E+00  1.503933678036E+00 

BI   -1.412701327753E+00  4.109921703570E+00 -4.177675045417E+00 

BI    3.953202522729E+00 -4.038135837419E+00 -1.433689732597E+00 

TA   -4.020904480848E+00 -1.377847968986E+00  4.105811295342E+00 

BI    3.996680284497E+00 -1.415347414903E+00 -4.147399214400E+00 

TA   -1.272793449734E+00 -3.973833958153E+00  4.067941860603E+00 

BI   -4.004566542796E+00  4.013366321725E+00 -1.424582338623E+00 

BI    1.168806674292E+00 -4.303004438233E+00 -4.430823576065E+00 

TA   -1.426583036046E+00 -1.415986096408E+00  1.354643882909E+00 

TA    4.009387074298E+00  1.255516429738E+00  4.087955360970E+00 

TA    4.040608863868E+00  4.023015715387E+00  1.475019716353E+00 

BI   -1.190856181210E+00  1.111041529942E+00 -1.149882541153E+00 

BI   -3.973501594458E+00  1.399401009229E+00 -4.146830722833E+00 

BI    1.406916235300E+00 -1.314348995194E+00 -1.393339096326E+00 

TA    1.447861177953E+00  3.987615662236E+00  4.226697549791E+00 

TA   -4.002575472628E+00 -4.135805393115E+00  1.482586355786E+00 

BI   -3.803528367283E+00 -3.929512986083E+00 -4.281263903922E+00 

BI    4.189200033458E+00 -1.684847052646E+00  1.308108958944E+00 

BI   -1.617211973194E+00  1.137024101626E+00  4.046322876725E+00 

BI    1.024586718897E+00  4.051971565249E+00 -1.322376959661E+00 

BI   -1.464967432428E+00  4.007131856003E+00  1.293443443197E+00 

BI    3.784256528050E+00  1.463322289856E+00 -1.299606040064E+00 

BI    1.485923025189E+00 -1.419959165677E+00  4.288184524400E+00 

BI   -4.044640939247E+00  1.307171946090E+00  1.167089129792E+00 

BI    4.041331657051E+00  4.104366034819E+00 -3.853155256742E+00 

BI   -1.354556006028E+00 -3.981363948161E+00 -1.607957317758E+00 

BI   -1.032800569256E+00 -1.353023841356E+00 -4.248730958614E+00 
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BI    4.052437492381E+00 -4.131951653065E+00  4.403605778552E+00 

BI    1.623368384980E+00 -4.279161029615E+00  1.523504952788E+00 

BI   -4.169593630834E+00  3.742943253970E+00  4.273514469564E+00 

BI   -4.049006014356E+00 -1.295466197066E+00 -1.717804596000E+00 

BI    1.333432595006E+00  1.430099539736E+00 -3.971600442899E+00 

O    -4.892552280596E+00  4.994152918317E+00 -5.139179192826E+00 

O     4.892768839152E+00 -4.477178796504E-01 -4.243794626867E-01 

O     4.394137456558E-01 -1.154359733937E-01 -5.507621542283E+00 

O    -4.409743157394E-01  5.292445606756E+00 -5.893045350635E-02 

O     2.930852694314E+00 -3.207503063337E+00  2.857706002280E+00 

O    -2.520306720485E+00 -2.535145266556E+00 -3.007594461301E+00 

O    -2.918733271094E+00  2.221166035244E+00  2.717197328695E+00 

O     2.507154695324E+00  2.867326678928E+00 -2.568475848304E+00 

O     1.730350898328E+00  4.587813818474E-01 -1.168855760369E-01 

O    -1.755591826242E+00 -4.938549613078E+00 -5.467514084707E+00 

O     3.180182296152E+00 -5.397018617117E+00  3.059310536654E-01 

O    -3.180555479831E+00  2.326606561420E-02  5.260685202190E+00 

O     7.711364609017E-02  2.652408159408E+00  4.089984726550E-01 

O    -5.289216959349E+00 -2.070706675843E+00  5.367446866257E+00 

O     3.629250431900E-01  3.786615560634E+00 -5.353299410265E+00 

O    -5.358812930801E+00 -3.298820886691E+00  2.792114029908E-01 

O    -1.245812601545E-01  1.392949878556E-01  1.902739550531E+00 

O     5.017238915595E+00  5.086000986540E+00 -2.083877632503E+00 

O    -5.323402421936E+00 -3.137781368465E-03  3.363784179753E+00 

O    -1.063849938568E-01  5.382449940060E+00 -2.792811204686E+00 

O    -2.852844250294E+00 -5.171098378484E+00 -2.739741519237E+00 

O     2.649993570996E+00  7.155070983883E-01  2.726782405063E+00 

O     2.771856857672E+00 -4.907391043165E+00 -3.138802134542E+00 

O    -2.576895927198E+00 -6.940227710737E-01  2.857688346076E+00 

O    -2.713111289282E-01  2.680953625159E+00 -2.500220968097E+00 

O    -4.648213210190E+00 -2.678300185832E+00  2.746031442408E+00 

O     6.465126215381E-01  2.710617213849E+00  2.976394336335E+00 

O    -5.299986517982E+00 -2.928222882100E+00 -2.861519502569E+00 

O    -2.427319427856E+00  2.853300702107E+00  5.234865291165E+00 

O     2.442331736130E+00 -2.563369185504E+00  3.421450869556E-01 

O    -2.704648923731E+00 -2.696165965169E+00  4.667250897430E+00 

O     2.718809250977E+00  2.712742627964E+00  9.077577306554E-01 

O    -6.316373289693E-01 -2.702455443196E+00  2.597522856326E+00 

O     5.284464532348E+00  2.461539785529E+00 -2.715831550029E+00 

O     2.826382212617E+00  2.297595023774E-01 -2.843918118881E+00 

O    -2.645614561164E+00 -4.686779064722E+00  2.841454695765E+00 

O    -2.633792597311E+00  2.605052809902E+00 -8.740608246215E-03 

O     2.620214315009E+00 -2.812733866140E+00 -5.568096646746E+00 

O    -6.219894140811E-02 -2.772488931847E+00  5.164813911719E+00 

O     5.306137431566E+00  3.328670576954E+00  2.109502652745E-01 

O     3.369507834323E+00 -5.640496358016E-02  5.352033833424E+00 

O    -3.342807708493E+00  5.384535764673E+00  2.323253417443E-01 

O    -5.020909934676E+00 -3.026682806898E-01 -3.482734731738E+00 

O     1.248248670079E-01 -5.281692180360E+00  3.664423663428E+00 

O     2.642116953858E+00  5.275443960643E+00  5.219098188743E+00 

O    -2.613693202175E+00 -1.159270677702E-01  3.663363492801E-01 
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O    -3.707028006644E-01 -1.635441592749E+00 -2.183474652367E-01 

O    -5.345797370032E+00  2.106124205659E+00  5.215117416432E+00 

O     2.581338361241E-01 -2.733674785834E+00 -3.077636232724E+00 

O     4.660349438179E+00  2.714814978610E+00  2.830438918133E+00 

O    -2.666096562743E+00 -2.812416344005E+00  8.547696302887E-01 

O     2.677292961929E+00  2.580006793926E+00  4.721313936427E+00 

O     2.601133025255E+00  4.709189950279E+00  2.726182208268E+00 

O    -2.796146207411E+00  5.182433228307E-01 -2.445209587397E+00 

O     5.350006317094E+00  5.389114322899E+00  2.220454817911E+00 

O     1.017773028729E-01 -3.517471786263E-02 -2.773327788724E+00 

 
 

S.2 SUPPORTING INFORMATION 

XAS and DFT investigation on doped LaGaO3 

DFT calculations benchmark 

Five different DFT methods were considered for the description of the pure LG unit cell, with 

orthorhombic space group Pbnm. The PBE0 functional better reproduced experimental cell 

parameters, giving a difference of 0.25%, 0.06% and 0.53% respectively on a, b and c, and 

0.22% on the volume of the cell. Results are reported in Table S.1. 

Table S.2.1 Cell parameters (a, b, c) in Å and volume (V) in Å3 obtained with different DFT 

methods compared to experimental data taken fromMorozov, A.N et al. Kristallografiya 1993, 

38, 149-159. 

 

 

 

 

 

 

The electronic structure of pure LG was initially tested using the PBE0, B3LYP and PBE 

functionals in order to investigate the effect of the functional on the electronic band gap 

energy value (Table 8). 

Functional a  b  c  V  

Exp 5.4858(9) 7.7642(1) 5.5139(5) 234.8(6) 

PBE0 5.472 7.759 5.543 235.4 

B3LYP 5.552 7.870 5.584 244.0 

SOGGA 5.439 7.712 5.549 232.8 

B3PW 5.489 7.784 5.558 237.5 

PBE 5.530 7.845 5.598 242.8 
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Table S.2.2 Band gap values (eV) computed for pure LG Pbnm unit cell at different levels of 

theory. 

Functional 

Band gap 

(eV) 

PBE0 7.11 

B3LYP 6.17 

PBE 4.29 

 

Symmetry Independent Configurations (SICs) 

Figure S.2.1 Symmetry Independent Classes (SICs) for a (2x1x2) supercell of LGM0125, 

grouped in three macro-classes: 1) Mg-layered, 2) Mg-clustered and 3) Mg, Ga-layered. 

Oxygen, lanthanum and gallium in red, blue and green, respectively. The Mg polyhedra are 

shown in orange. 

Mg-LAYERED 

 

                             1.a         1.b 

Mg-CLUSTERED 

  

                   2.a           2.b 
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Mg, Ga-LAYERED 

 

 3.a                               3.b                       3.c 3.d 

 

 3.e 

 

EXAFS Ga K-edge 

Theoretical EXAFS signals were calculated with GNXAS by embedding the absorber in a 

LaGaO3 cluster, using a cutoff radius of 8 Å. Amplitude reduction factor was determined by 

fitting a reference Ga2O3 powder, giving S0
2 = 0.85.  

EXAFS data analysis was carried out taking into account statistical considerations in order to 

test out the validity of model. The maximum amount of information that can be extrapolated 

from EXAFS data can be evaluated by means of the Nyquist formula: 

≈ 2∆ ∆ + 2 

where ΔK is the range in the k space, ΔR is the R range of the Fourier Transform and N is the 

number of independent points.  

All EXAFS data analysis on both pure LaGaO3 and doped LaGa0.875Mg0.125O2.935 was carried 

out in k-space and weighting data in k2. The range in k space was kept between 2.00-12.50 Å-

1 (Δk=10.50 Å-1), while the range in R space was fixed between 0.00 and 8.00 Å (ΔR=8.00 Å) 

leading to 55.60 independent points and only 15 free parameters fitted. 
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X-Ray Diffraction 

 

a) 

b) 

c) d) 
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        c) d) 

Figure S.2.2 Rietveld refinement on a) pure LG and b) LGM0125 X-ray Diffraction pattern. 

Experimental data are shown as black crosses, fitting and residual as red and blue lines, 

respectively. Comparison between samples c) without Co co-doping (pure LG) and d) with 

Co co-doping (LSGMC2010). The peak at 32.5° is splitted in the case of a R-3c phase 

(LSGMC2010), when Sr concentration is increased at 20% [References: Trofimenko, N. et al. 

Solid State Ionics 1999 118, 215-227. Tas, A. C. et al. J. Am. Ceramic Soc. 2000 83 12 2954-

2960; Kajitani, M. et al. Chem. Mater. 2003 15 3468-73; Kajitani, M. et al. Chem. Mater. 

2005 17 4235-4243]  
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SIC: Models and notations 

28 possible oxygen vacancy configurations were all fully-optimized (unit cell and atomic 

positions). i) 13 for the Mg-layered macro-class, resulting from: two axial Mg-Vo-Ga, two 

equatorial Mg-Vo-Ga, two axial Ga-Vo-Ga and seven equatorial Ga-Vo-Ga configurations; ii) 

9 for the Mg-clustered macro-class, obtained from one axial Mg-Vo-Ga, one equatorial Mg-

Vo-Ga, one equatorial Mg-Vo-Mg, three axial Ga-Vo-Ga and three equatorial Ga-Vo-Ga 

configurations; iii) 6 for the Mg, Ga-layered macro-class, built from one axial Mg-Vo-Ga, 

one equatorial Mg-Vo-Ga, two axial Ga-Vo-Ga and two equatorial Ga-Vo-Ga configurations. 

All 28 oxygen vacancy configurations considered and their relative energy stability among 

each macro-class are shown in the following tables.  

Mg-layered 

Table S.2.3 (2x1x2) supercells (80 atoms) of the thirteen configurations of the doped 

LGM0125 belonging to the Mg-layered macro-class considered for structural analysis and 

their relative energies expressed in kcal/mol. Ga polyhedra are drawn in green, Ga polyhedra 

hosting the vacancy in yellow, Mg polyhedra in orange, oxygen atoms in red and vacancy site 

in black. La atoms are omitted for clarity. 

   

Ga-Vo3-Gaax Ga-Vo5-Gaax Mg-Vo1-Gaax 

0.00 0.06 0.76 

   

Ga-Vo3-Gaeq Ga-Vo5-Gaeq Mg-Vo1-Gaax 

2.19 2.46 2.54 
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Ga-Vo3-Gaeq Ga-Vo3-Gaeq Ga-Vo3-Gaeq 

2.79 3.04 3.06 

   

Mg-Vo1-Gaeq Ga-Vo3-Gaeq Ga-Vo3-Gaeq 

4.77 4.90 5.20 

  

Mg-Vo1-Gaeq 

5.46 

 

Mg-clustered 

Table S.2.4 (2x1x2) supercells (80 atoms) of the nine configurations of the doped LGM0125 

belonging to the Mg-layered macro-class considered for structural analysis and their relative 

energies expressed in kcal/mol. Ga polyhedra are drawn in green, Ga polyhedra hosting the 

vacancy in yellow, Mg polyhedra in orange, oxygen atoms in red and vacancy site in black. 

La atoms are omitted for clarity. 

   

Mg-Vo1-Gaax Ga-Vo3-Gaax Ga-Vo3-Gaax 
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0.00 1.92 2.07 

   

Mg-Vo1-Mgeq Ga-Vo3-Gaax Ga-Vo3-Gaeq 

2.37 5.66 6.55 

   

Ga-Vo1-Mgeq Ga-Vo5-Gaeq Ga-Vo5-Gaeq 

7.07 7.78 8.91 

 

Mg, Ga-layered 

Table S.2.5 (2x1x2) supercells (80 atoms) of the six configurations of the doped LGM0125 

belonging to the Mg-layered macro-class considered for structural analysis and their relative 

energies expressed in kcal/mol. Ga polyhedra are drawn in green, Ga polyhedra hosting the 

vacancy in yellow, Mg polyhedra in orange, oxygen atoms in red and vacancy site in black. 

La atoms are omitted for clarity.  

   

Ga-Vo5-Gaax Ga-Vo3-Gaax Mg-Vo1-Gaax 
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0.00 0.48 2.34 

   

Ga-Vo5-Gaeq Ga-Vo3-Gaeq Mg-Vo1-Gaeq 

3.45 4.56 6.52 

 

Energetic scale of the generated configurations 

Table S.2.6 Relative Energy (∆E) of different vacancy positions, obtained from the SIC 

analysis of LGM0125, for the 28 configurations considered. All data in kcal/mol. For details 

about configuration notation, see text (section 3.2.1). 

Macro-class Configuration ΔE 

Mg, Ga-layered Ga-Vo5-Gaax 0.00 

Mg, Ga-layered Ga-Vo3-Gaax 0.48 

Mg-clustered Mg-Vo1-Gaax 0.71 

Mg-layered Ga-Vo3-Gaax 2.33 

Mg, Ga-layered Mg-Vo1-Gaax 2.34 

Mg-layered Ga-Vo5-Gaax 2.39 

Mg-clustered Ga-Vo3-Gaax 2.64 

Mg-clustered Ga-Vo3-Gaax 2.79 

Mg-clustered Mg-Vo1-Mgeq 3.08 

Mg-layered Mg-Vo1-Gaax 3.09 

Mg, Ga-layered Ga-Vo5-Gaeq 3.45 

Mg-layered Ga-Vo3-Gaeq 4.53 

Mg, Ga-layered Ga-Vo3-Gaeq 4.56 

Mg-layered Ga-Vo5-Gaeq 4.80 

Mg-layered Mg-Vo1-Gaax 4.97 
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Mg-layered Ga-Vo3-Gaeq 5.12 

Mg-layered Ga-Vo3-Gaeq 5.37 

Mg-layered Ga-Vo3-Gaeq 5.40 

Mg-clustered Ga-Vo3-Gaax 6.37 

Mg, Ga-layered Mg-Vo1-Gaeq 6.52 

Mg-layered Mg-Vo1-Gaeq 7.11 

Mg-layered Ga-Vo3-Gaeq 7.23 

Mg-clustered Ga-Vo3-Gaeq 7.27 

Mg-layered Ga-Vo3-Gaeq 7.53 

Mg-clustered Ga-Vo3-Mgeq 7.78 

Mg-layered Mg-Vo1-Gaeq 7.80 

Mg-clustered Ga-Vo5-Gaeq 8.50 

Mg-clustered Ga-Vo5-Gaeq 9.62 
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Local structure distorsions 

Table S.2.7 Selected geometric parameters around oxygen vacancies for the five considered 

configurations of the Mg-layered macro-class: cation-oxygen distances (dM-O, Å) and Oax-

M-Oeq angles (aOax-M-Oeq, in degrees). Ga atoms in green or yellow, Mg in orange, O in red, 

oxygen vacancy in black. La atoms omitted for clarity.  

STRUCTURE 
CONFIGURA

TION 
dM-O aOax-M-Oeq 

 

Ga-Vo3-Gaax 

 

Ga-O4 

Ga-O5 

Ga’-O2’ 

Ga’-O4’ 

Ga’-O5’ 

 

Ga-O2 

 

Ga-O1 

Ga-O3 

Ga’-O1’ 

Ga’-O3’ 

 

1.88 

 

 

 

 

 

1.90 

 

1.96 

O5-Ga-O3 

O5’-Ga’-O1’ 

O5’-Ga’-O3’ 

 

O5-Ga-O1 

O5-Ga-O2 

O5’-Ga’-O4’ 

 

O5-Ga-O4 

O5’-Ga’-O2’ 

 

 

93.91 

 

 

 

99.23 

 

 

 

106.27 
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Ga-Vo5-Gaax 

 

Ga-O5 

Ga’-O5’ 

 

Ga-O2 

Ga-O4 

Ga’-O2’ 

Ga’-O4’ 

 

Ga-O1 

Ga-O3 

Ga’-O1’ 

Ga’-O3’ 

 

 

 

1.87 

 

 

1.91 

 

 

 

 

1.95 

 

O5-Ga-O1 

O5’-Ga’-O1’ 

 

O5-Ga-O3 

O5’-Ga’-O3’ 

 

O5-Ga-O2 

O5-Ga-O4 

O5’-Ga’-O2’ 

O5’-Ga’-O4’ 

 

 

92.97 

 

 

 

97.48 

 

 

 

104.74 

 

Ga-Vo1-Mgax 

Ga-O5 

 

Ga-O2 

Ga-O4 

Mg-O5’ 

 

Ga-O1 

Ga-O3 

Mg-O1’ 

1.84 

1.91 

 

 

 

1.96 

O5’-Mg-O3’ 

 

O5-Ga-O1 

O5-Ga-O3 

O5-Ga-O4 

O5’-Mg-O1’ 

O5’-Mg-O2’ 

O5-Ga-O2 

O5’-Mg-O4’ 

94.40 

 

97.44 

 

 

 

 

 

103.72 
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Mg-O2’ 

Mg-O3’ 

Mg-O4’ 

 

 

 

Ga-Vo3-Gaeq 

 

Ga-O2 

Ga’-O2’ 

Ga’-O4’ 

Ga’-O5’ 

 

Ga-O1 

Ga-O3 

Ga-O4 

Ga-O5 

 

Ga’-O1’ 

Ga’-O3’ 

 

1.86 

 

 

 

 

1.93 

 

 

 

 

1.98 

 

O2’-Ga’-O1’ 

 

O2-Ga-O5 

O2-Ga-O3 

O2-Ga-O4 

O2’-Ga’-O5’ 

 

O2-Ga-O1 

O2’-Ga’-O3’ 

O2’-Ga’-O4’ 

 

 

 

94.23 

 

 

97.94 

 

 

 

 

 

101.77 
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Table S.2.8 Polyhedral representation and Ga-O-Ga’ tilting angles (aM-Oax-Ga, in degrees) 

for the five considered configurations of the Mg-layered macro-class. Ga polyhedra are drawn 

in green, Ga polyhedra hosting the vacancy in yellow, Mg polyhedra in orange, oxygen atoms 

in red, vacancy site in black. La atoms omitted for clarity. 

STRUCTURE CONFIGURATION LABELS Ga-Oax-M’ 

 

Ga-Vo3-Gaax 

 

 

Ga1-O-Ga1’ 

Ga4-O-Ga4’ 

 

 

 

156.92 

 

 

 

 

Ga-Vo1-Mgeq 

Mg-O2 

Ga-O2’ 

 

Ga-O1’ 

Ga-O3’ 

Ga-O4’ 

Ga-O5’ 

 

Mg-O1 

Mg-O3 

Mg-O4 

Mg-O5 

 

1.87 

 

 

1.94 

 

 

 

 

1.98 

O2-Mg-O5 

O2-Mg-O3 

 

O2-Mg-O4 

O2’-Ga-O1’ 

O2’-Ga-O5’ 

 

O2-Mg-O1 

O2’-Ga-O3’ 

O2’-Ga-O4’ 

94.76 

 

 

98.24 

 

 

 

101.03 
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Mg1-O-Ga2 

Ga3-O-Mg2 

 

 

 

162.28 

 

 

 

Ga-Vo5-Gaax 

 

Ga1-O-Ga1’ 

Ga4-O-Ga4’ 

Ga2-O-Ga2’ 

Ga3-O-Ga3’ 

 

 

 

 

156.67 

 

 

 

 

 

 

Ga-Vo1-Mgax 

 

Ga2-O-Ga2’ 

Ga4-O-Ga4’ 

 

Ga1-O-Ga1’ 

Ga3-O-Ga3’ 

 

 

 

 

157.90 

 

 

162.57 
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Ga-Vo3-Gaeq 

Ga1-O-Ga1’ 

Mg1-O-Ga2’ 

 

Ga3-O-Ga3’ 

Ga3’-O-Ga3’’ 

Ga4-O-Ga4’ 

Ga4’-O-Ga4’’ 

 

 Ga1’-O-Ga1’’ 

Ga2-O-Mg1’ 

150.04 

 

 

158.51 

 

 

 

 

164.58 

 

 

 

Ga-Vo1-Mgeq 

 

Mg1-O-Ga1’ 

Ga2’-O-Ga2’’ 

 

Ga3-O-Ga3’ 

Ga3’-O-Ga3’’ 

Ga4-O-Ga4’ 

Ga4’-O-Ga4’’  

 

Ga1-O-Mg1 

Ga2-O-Ga2’ 

 

 

151.07 

 

 

158.96 

 

 

 

 

164.63 
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Table S.2.9 Dihedral angles dα, dβ, dγ and dδ (Oα-Mx-Mx’-Oα’, Oβ-Mx-Mx’-Oβ’, Oγ-Mx-Mx’-

Oγ’ and Oδ-Mx-Mx’-Oδ’) (see Figure 1.c) showing mutual rotation between equatorial oxygen 

ions on two underlying Mx/Mx’ (M=Ga or Mg) cations. Ga polyhedra are drawn in green, Ga 

polyhedra hosting the vacancy in yellow, Mg polyhedra in orange, oxygen atoms in red, 

vacancy site in black and La atoms in blue. For definition of  dα, dβ, dγ and dδ , see Figure 1.b: 

gallium atoms are arranged in two underlying layers named Gax (upper plane) and Gax’ 

(lower plane), while equatorial oxygen on Gax are referred to as Oα, Oβ, Oγ and Oδ and those 

on Gax’ as Oα’, Oβ’, Oγ’ and Oδ’. For each Gax/Gax’ couple of underlying gallium atoms, four 

dihedral angles ( dα, dβ, dγ and dδ) exist. 

STRUCTURE CONFIG. LABEL dα 

(°) 

dβ 

(°) 

dγ 

(°) 

dδ 

(°) 

 

Ga-Vo3-Gaax 

 

 

Ga1/Ga1’ 

 

Mg2/Ga2 

 

Ga3/Mg1 

 

Ga4/Ga4’ 

 

Ga5/Ga5’ 

 

12.29 

 

10.37 

 

10.83 

 

10.82 

 

14.30 

 

12.99 

 

10.07 

 

12.31 

 

13.85 

 

14.20 

 

14.11 

 

10.56 

 

11.59 

 

12.43 

 

11.36 

 

12.02 

 

11.67 

 

12.84 

 

12.86 

 

11.44 

 

Ga-Vo5-Gaax 

 

Ga1/Ga1’ 

 

Ga2/Ga2’ 

 

Ga3/Ga3’ 

 

Ga4/Ga4’ 

 

0.31 

 

0.14 

 

0.13 

 

0.74 

 

0.03 

 

0.12 

 

0.24 

 

0.07 

 

0.27 

 

0.21 

 

0.20 

 

0.63 

 

0.12 

 

0.21 

 

0.02 

 

0.05 

Ga1/Ga1’ Mg2/Ga2 

Ga3/Mg1 Ga4/Ga4’ 

Ga5/Ga5’ 

Ga1/Ga1’ Ga2/Ga2’ 

Ga3/Ga3’ Ga4/Ga4’ 

Ga5/Ga5’ 
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Ga5/Ga5’ 

 

 

0.04 

 

0.28 

 

0.46 

 

 

0.21 

 

Ga-Vo1-Mgax 

 

Ga1/Ga1’ 

 

Ga2/Ga2’ 

 

Ga3/Ga3’ 

 

Ga4/Ga4’ 

 

Ga5/Mg1 

 

12.56 

 

13.76 

 

12.01 

 

11.32 

 

15.18 

 

15.00 

 

12.48 

 

13.51 

 

13.26 

 

15.03 

 

15.22 

 

11.41 

 

14.68 

 

12.22 

 

11.73 

 

13.09 

 

13.23 

 

14.05 

 

14.73 

 

12.94 

 

Ga-Vo3-Gaeq 

 

Mg1/Ga1 

 

Ga2/Ga2’ 

 

Ga3/Ga3’ 

 

Ga4/Mg2 

 

Ga5/Ga5’ 

 

1.25 

 

1.52 

 

0.61 

 

0.97 

 

1.59 

 

1.65 

 

7.22 

 

0.07 

 

10.21 

 

7.93 

 

1.80 

 

3.69 

 

1.38 

 

0.73 

 

0.96 

 

1.34 

 

2.37 

 

2.93 

 

7.96 

 

14.70 

Ga1/Ga1’ Ga2/Ga2’ 

Ga3/Ga3’ Ga4/Ga4’ 

Ga5/Mg1 

Mg1/Ga1 

 

Ga3/Ga3’ 

Ga2/Ga2’ 

Ga4/Mg2 

Ga5/Ga5’ 
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Ga-Vo1-Mgeq 

 

Ga1/Ga1’ 

 

Ga2/Ga2’ 

 

Ga3/Ga3’ 

 

Ga4/Ga4’ 

 

Mg1/Ga5 

 

 

 

0.28 

 

0.72 

 

1.98 

 

2.44 

 

0.85 

 

0.39 

 

5.34 

 

0.76 

 

11.93 

 

6.74 

 

0.45 

 

4.02 

 

3.10 

 

0.15 

 

2.11 

 

0.49 

 

1.02 

 

2.10 

 

9.67 

 

11.43 

 

Density of States 

 

Figure S.2.3 Total and partial PBE0 density of states of doped Ga-Vo5-Gaax. The inset shows 

the atomic (Gatot) and 3d (Ga3d) contributions of all Ga, those close (Ga3d
c) and far (Ga3d

f) 

from the O vacancy, as well as that of the 2p orbitals of all O atoms (O2p), and those close 

(O2p
c)  and far (O2p

f) from the O vacancy. 

Ga1/Ga1’ 

Ga3/Ga3’ 

Ga2/Ga2’ 

Ga4/Ga4

’ 

Mg1/Ga5 
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Figure S.2.4 Total and partial PBE0 density of states of doped Ga-Vo1-Mgax. The inset shows 

the atomic (Gatot) and 3d (Ga3d) contributions of all Ga, those close (Ga3d
c) and far (Ga3d

f) 

from the O vacancy, as well as that of the 2p orbitals of all O atoms (O2p), and those close 

(O2p
c)  and far (O2p

f) from the O vacancy. 

 

Figure S.2.5 Total and partial PBE0 density of states of doped Ga-Vo3-Gaeq. The inset shows 

the atomic (Gatot) and 3d (Ga3d) contributions of all Ga, those close (Ga3d
c) and far (Ga3d

f) 

from the O vacancy, as well as that of the 2p orbitals of all O atoms (O2p), and those close 

(O2p
c)  and far (O2p

f) from the O vacancy. 
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Figure S.2.6 Total and partial PBE0 density of states of doped Ga-Vo1-Mgeq. The inset shows 

the atomic (Gatot) and 3d (Ga3d) contributions of all Ga, those close (Ga3d
c) and far (Ga3d

f) 

from the O vacancy, as well as that of the 2p orbitals of all O atoms (O2p), and those close 

(O2p
c)  and far (O2p

f) from the O vacancy. 
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S.3 SUPPORTING INFORMATION 

Probing electrode-electrolyte interfaces by SXM  

Preparation of materials. La0.98Ca0.02NbO4 (LNC) powder was synthesized by solid-state 

reaction. Stoichiometric quantities of precursors (La(OH)3, Treibacher Industries AG, 99.9%; 

Nb2O5, H.C. Starck, ceramic grade, 99.9%; CaCO3, Solvay Bario e Derivati, grade CF800, 

99.95%) were mixed in water for 24 hours, dried and calcined at 1100 °C for 4 hours. After 

sieving, the powders were isostatically pressed (1500 bar) and sintered at 1400 °C for 4 hours, 

obtaining a cylindrical pellet of ceramic with relative density of 97%. The phase purity of the 

synthesized LNC was assessed by XRD (shown in Figure S.3.1) and SEM/EDS. 

The resulting cylindrical pellet was cut in disks of about 10 mm diameter and 1 mm thickness, 

and polished. The LNC disks were then surrounded with LSM powder (La0.8Sr0.2MnO3, 

Sigma-Aldrich, >99%) and uniaxially pressed at 7 tons in a 1-inch die. After pressing, the 

bilayers were annealed at 1150°C for either 12 h (sample A) or 36 h (sample B). Sample C 

was treated at 1250 °C for 72 h. The samples were then impregnated with resin, cut to expose 

the interface, and the cross sections were mechanically polished down to 1 μm. SEM/EDS 

was performed to confirm the mechanical integrity of the bilayers with a LEO 1450VP 

electron microscope (LEO Electron Microscopy, UK). A representative micrograph is shown 

in Figure S.3.2. 

 

 
Figure S.3.1 XRD pattern of synthesized LNC (blue) and theoretical LaNbO4 pattern from 

PDF file #01-081-1973 (red). Intensity is plotted in log scale to highlight the absence of low-

intensity peaks due to secondary phases. 
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Figure S.3.2 Sample A: SEM image in secondary electron mode showing the different 

microstructure of LSM (top) and LNC (bottom). 

 

X-ray Microspectroscopy. The microspectroscopy SXM-II endstation at beamline ID21 of 

ESRF uses a focused micro-beam of monochromatic X-rays from a synchrotron undulator 

source.[S1] The harmonics rejection (10-3) is ensured by a set of two flat mirrors deflecting in 

the horizontal plane, which grazing angle and coating stripes (Si, Ni) allow tailoring the beam 

spectrum to the needs of the experiment. A double crystal Si(111) fixed-exit monochromator 

(Kohzu, Japan) is used to select and scan the energy of the monochromatic beam. The beam is 

focused down to a submicron probe by a fixed curvature Kirkpatrick-Baez (KB) mirrors 

system. Depending on the primary beam intensity at a given energy, total fluorescence from 

the sample and detector deadtime, in some cases an attenuator was used, obtaining a photon 

flux on the sample between 5·109 and 3·1010 ph/s. The microscope is operated in a vacuum 

chamber to avoid air absorption and scattering of the beam. The change of sample is 

performed through a load-lock chamber. The flat sample is aligned in the focal plane of the 

KB mirrors with an optical videomicroscope, which allows an accurate positioning of the 

selected region of interest. The experimental setup is depicted in Figure S.3.3. The beam 

energy was scanned in the vicinity of Nb L3-edge (2380 eV), La L3-edge (5500 eV) and Mn 

K-edge (6550 eV) for the μXANES and μEXAFS experiments. To collect the μXRF maps, 
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the beam energy was kept fixed at 50 eV, 190 eV or 400 eV above the edge energy (for Nb, 

La and Mn edges, respectively). 

Micro-XRF maps of the interlayer were acquired with a step size tunable between 0.25 μm 

and 1 μm. The X-ray fluorescence (XRF) photons emitted by the sample are collected using a 

80 mm2 Silicon Drift Diode (SDD) detector (Bruker, Germany). The sample is then raster 

scanned in two-dimensions in the micro-beam using piezoelectric actuators to produce a 2D 

XRF map. All signals were corrected for the incident flux by normalizing the signal for the X-

ray beam current measured before the sample with a membrane photodiode. A complete 

fluorescence spectrum is acquired for each pixel, allowing off-line fitting of the spectra and 

deconvolution of the elemental distributions using the PyMca software.[S2] The mass fraction 

of each element was determined by modeling the microXRF spectra either pixel-by-pixel, or 

integrating the intensity over a region. Figure S.3.4 shows the regions used to obtain the XRF 

results shown in Table 1 and S1. In selected spots, a microXRF spectrum was collected 

alongside the microEXAFS signal. In the XRF fittings, attenuation and self-absorption effects 

are accounted for by specifying the matrix composition, and the results were first validated 

using pure LNC and LSM. Examples of the signal and fitting quality are shown in Figure S5, 

S6 and S7. Small spurious peaks shown in dark green in the XRF plots (Al and Si) are 

attributed to optics and experimental chamber. Elastic and inelastic scattering peaks are 

indicated together as “scattering” in the plots. 

 
Figure S.3.3 The X-ray microscopy setup of beamline ID21 at ESRF. 
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μXRF analysis at the Mn K-edge. Table S.3.1 reports the elemental compositions in three 

regions of sample A, as determined with μXRF analysis with an incident beam of 5690 eV: 

such energy is not high enough to excite the K fluorescence lines of Mn, so the Mn content is 

estimated by difference. These estimates were confirmed independently by repeating the 

μXRF analysis on data taken on the same regions with an incident beam energy of 6900 eV. 

The results are summarized in Table S.3.1. 

 

Table S.3.1. Elemental composition (weight %) of three regions of sample A from XRF 

analysis at the Mn K-edge. The nominal compositions of LNC and LSM are reported for 

comparison. Regions 1-3 are depicted in Figure S4. 

Element Region 

#1 

(LSM) 

Region #2 

(interface) 

Region 

#3 

(LNC) 

La 48.61 46.27 45.73 

Sr 8.723 9.157 0.002 

Ca 0.0273 0.3837 0.1545 

Nb 0.5452 3.8051 32.1934 

Mn 22.171 21.295 0.128 

 

Assessment of systematic errors in μXRF analysis. In XRF analysis, the main uncertainty 

in the determination of elemental concentrations is due to the matrix effect. In the case of 

μXRF, this may occur due to the inhomogeneity of the matrix in a given region, whereas a 

single matrix composition is used throughout the region. Eventually, the uncertainty in the 

elemental composition of the matrix propagates to the fitting results. The effect of such 

propagation was assessed empirically with the following method (this is described for La L3-

edge): 1) in a single LSM region near the interphase, the matrix composition was imposed to 

vary from 70% to 130% of each cation with respect to the nominal composition, and the 

different fitting results (for La, Sr, Ca and Nb) were obtained; 2) the correlation curves were 

determined between each of the fitted results and each component of the matrix. All 

correlations are very strong (R2 = 0.99) and linear in the whole range considered; 3) the “real” 
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variance of the matrix in our samples was assessed by analyzing several LSM regions with a 

fixed matrix La0.8Sr0.2MnO3. The variance in the results is about 0.02% w/w and 0.006% w/w 

for Sr and La, respectively. These correspond to an uncertainty on stoichiometric numbers of 

±0.007 and ±0.005 for La and Sr, respectively. The concentration of Mn, though not 

determined directly from the fitting, is obtained by difference: its variance is 0.004% w/w, 

corresponding to ±0.015 on the stoichiometric number; 4) using the correlation curves, the 

variance of the concentrations of the other cations due to the variance of the matrix is 

estimated: 0.0001% and 0.0004% w/w on Ca and Nb, respectively. These correspond to an 

uncertainty on the stoichiometric numbers of ±0.0002 and ±0.0004 for Ca and Nb, 

respectively. 

 

μXANES and μEXAFS analysis. μXANES spectra on the Nb L3-edge were modeled up to 6 

Å-1 after the absorption edge with Feff8.4,[S3] using the SCF and FMS control cards. In the 

structural models corresponding to the spectra shown in Figure 5.2, the Nb absorber was 

placed either: a) in its regular crystallographic site of monoclinic LaNbO4; b) in the perovskite 

B-site of LSM. Sr was placed in 20% of the surrounding A-sites to account for La/Sr random 

substitution. μEXAFS spectra on the Mn K-edge collected in selected points of the maps were 

analyzed with Viper,[S4] using theoretical amplitudes and phase shifts generated with Feff8.4. 

The fitting model of the Mn local environment was built by placing the Mn atom in the B-site 

of a mixed (La,Sr,Ca)MnO3 perovskite: the second shell signals Mn-La, Mn-Sr and Mn-Ca 

were weighed according to actual stoichiometry derived by μXRF results. The fitting was 

performed in R-space up to the third shell, including multiple scattering contributions from 

colinear Mn-O-Mn paths. By use of constraints, the number of refined variables was kept at a 

minimum, i.e. 9 fitting parameters for 16 independent points according to the Nyquist 

criterion. The fitting results are reported in Table S.3.2. The first shell bond length (1.99 Å) is 

consistent with a 6-coordinated mixed valence site Mn3+ / Mn4+.[S5] 

 

 

 

 

 

 

 



181 
 

Table S.3.2 Results of the microEXAFS analysis shown in Figure 3 

 Distance 

(Å) 

Disorder factor (10-3 Å) 

Mn-O 1.99(2) 0.009(4) 

Mn-(La,Sr, Ca) 3.32(3) 0.016(4) 

Mn-Mn 3.92(3) 0.016(4) 

 

* Goodness-of-fit (R-factor) = 7.7 %. S0
2 = 0.8(3) and ∆E0 = -7(1) eV (common to all paths). 

Coordination numbers are fixed from stoichiometry. The uncertainty on the last digit is 

reported in parentheses. 
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