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ABSTRACT  
 

The crystal and electronic structures of Pr2-xNiO4+δ (x = 0 - 0.2), as potential materials 

for solid oxide fuel cell cathodes, are studied by X-ray diffraction, neutron diffraction 

and X-ray absorption spectroscopy. It turned out that A-site deficiency causes 

generation of vacancies at equatorial and apical oxygen sites but does not influence the 

interstitial oxygen content. In-situ X-ray diffraction shows for all compositions a 

reversible orthorhombic-to-tetragonal phase transition in the temperature range ~400 -

 450 °C and a decomposition to Pr4-xNi3O10-y and Pr6O11 in the temperature range ~580 -

 800 °C. In Pr2-xNiO4+δ, the oxygen ions migrate through the diffusion pathway Oap-Oint-

Oap via an interstitialcy mechanism. It is found from electrical conductivity relaxation 

measurements that A-site deficiency enhances the oxygen transport properties. The 

enhanced oxygen diffusion is mainly ascribed to the smaller Oap-Oint distance and the 

increased vacancy concentration at apical oxygen sites, as obtained from joint X-ray and 

neutron diffraction analysis. The analysis of the joint X-ray and neutron data by 

maximum-entropy-method shows that the nuclear density distribution of interstitial 

oxygens becomes more disperse with increasing the A-site deficiency. From the 

extended X-ray absorption fine structure analysis of Pr2-xNiO4+δ at the Ni K-edge, we 

found that the A-site deficiency causes local distortion around the Pr vacancy. A certain 

amount of neighbouring Pr atoms moves towards the Pr vacancy. Both neutron 

diffraction and extended X-ray absorption fine structure analysis show that at room 

temperature the disorder of equatorial and apical oxygen atoms in Pr2-xNiO4+δ is mainly 

from the static disorder. From the X-ray absorption near edge structure analysis we 

found that the Ni oxidation state increases (Ni2+ → Ni3+) and the Pr oxidation state 

keeps constant (Pr3+) with increasing the oxygen partial pressure or decreasing 

temperature. A-site deficiency in Pr2-xNiO4+δ does not change the oxidation state of Ni 

and Pr. 
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1 INTRODUCTION 

The evolution of human civilization can be regarded as the challenge of controlling 

greater storage and flows of more concentrated and more versatile forms of energy, and 

converting them in more affordable ways at lower cost and higher efficiencies [1]. The 

traditional agricultural societies were powered by animate energy and bioenergy. The 

low-level output power limited economic development and population growth in those 

societies. Since the 1760s, the steam engine was widely used with raw coal as fuel, the 

workshop and handicraft industry was replaced by the machine industry. This is the so-

called first industrial revolution. The combustion engine was invented in the 1860s 

using the refined products of petroleum as fuel. Natural science played a crucial role in 

the development of social productivity in that period. Today, fossil fuels still hold a 

dominant position in the global energy consumption structure.   

Civilization in modern society strongly relies on fossil fuels. The rising global 

population (>7.4 billion in 2018), the global warming (about 0.99 billion tons of CO2 

greenhouse gas emission from the combustion of fossil fuels in 2018), the increased 

production cost and the depleting tendency of fossil fuel resources are growing 

problems [2]. The development of human civilization therefore requires sustainable 

energy sources. Concerning transportation industry, the main technologies to substitute 

the combustion engine are the lithium-ion battery and the fuel cell. The degree of 

commercialization of the lithium-ion battery is high the lithium-ion battery powered 

vehicle is low in cost and is able to be charged by the existing grid system. Today 

lithium-ion batteries can offer gravimetric and volumetric energy densities up to 

260 Wh/kg and 770 Wh/L, respectively [3]. At present, the fuel cell has a lower degree 
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of commercialization than the Li-ion battery. The gravimetric and volumetric energy 

densities of the fuel cell, taking hydrogen fuel cell as an example, can be up to 

3300 Wh/kg and 1500 Wh/L, respectively [4]. From the viewpoint of energy density, 

the fuel cell has the largest potential in commercial applications [4]. However, industrial 

application of the fuel cell is still limited by the availability of key materials and by the 

transport and storage of hydrogen.  

The fuel cell is an electrochemical device to convert the chemical energy of fuels (e.g. 

H2, CH4, CH3OH and CO) to electric energy and heat with higher converting efficiency 

than the combustion engine [5]. Contrary to a battery, a fuel cell does not run down 

during its use as long as the fuel and oxidant are supplied to the electrodes. Today fuel 

cells are common in the field of small to large power generation, portable power, space 

flight and transportation like automobiles and submarines [6]. Toyota, Hyundai, 

Volkswagen and BMW have declared the development of trucks based on fuel cells. 

Fuel cells can be classified into 5 main categories: alkaline fuel cell (AFC), phosphoric 

acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC) 

and proton exchange membrane fuel cell (PEMFC). The corrosive electrolytes in AFC, 

PAFC and MCFC significantly limit their commercial application [5]. SOFC and 

PEMFC attract greatest R&D interest through the world. PEMFCs have the advantage 

to be used in in the field of transportation, due to their low operating temperature 

(T < 100 °C), high power density and fast start-up rate. SOFCs have strong market 

competitiveness in the field of distributed power stations due to their high energy 

conversion efficiency, flexible fuel injection, and noble-metal-free components [7]. 

However, there are still some barriers in the practical application of SOFCs, which will 

be discussed in more detail in the following section. 

In the following, a brief overview of SOFCs is given together with a state-of-the-art 

cathode materials for SOFCs. Chapter 2 deals with the motivation to investigate the 

promising low temperature SOFC cathode materials, namely the K2NiF4-type Pr2-

xNiO4+δ. Chapter 3 presents experimental details and basic knowledge of the related 

experimental methods. Chapters 4 presents the results and discussion from the 

viewpoints of structural evolution with temperatures, average and local structures, and 

oxidation states of cations. A short summary with main conclusions are given in 

Chapter 5, and a brief outlook of this study is presented in Chapter 6. Previous 

publications cited in this work are listed in Chapter 7 and some original data in tables 

and figures are supplied in the Appendix in Chapter 8.       
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1.1 Solid oxide fuel cell 
The first SOFC with ceramic components was operated at 1000 °C by Baur and Preis in 

1937 [8]. At that time the application of SOFCs was limited by several technological 

problems such as high internal electric resistance, melting and short circuitry [6]. In 

recent years, the interest in SOFCs increased with the rising price of crude oil and the 

advances of material technology. As shown in Figure 1.1, there are three parts in a 

typical SOFC device: an anode, an electrolyte and a cathode. All three parts are solid 

state materials.  

 

Figure 1.1: Schematic diagram of a SOFC based on an oxygen-ion conductor with 

a heat recycling system. 

Various types of fuels can be fed into the anode of SOFC. The oxygen from air is fed to 

the cathode of the SOFC. When the anode and the cathode are connected, oxygen 

changes in the cathode to oxygen ions and migrates through the electrolyte to the anode. 

Electrons released from the oxidation of the fuel travel from the anode to the cathode 

via the external circuit attached to the fuel cell. The product of this process is electric 

power, heat, and a H2O/CO2 gas mixture. The high temperature (up to 1000 °C) of the 

exhaust gas mixture out of the anode makes it possible to recycle the heat. The waste 

heat could be used to heat input gases and components of the fuel cell, or supply for the 
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home usage. Part of the heat may also be converted to electricity by thermoelectric 

device. The cooled exhaust gas can reformulate easily as liquid state of H2O and gas 

state of CO2. The high purity CO2 gas can be liquidized and stored to prevent direct 

emission to the environment.  

Additionally, SOFCs have the ability to convert excess electric energy produced by 

solar or wind power plants to chemical energy (e.g. H2, CH3OH) via electrolysis [9]. 

When renewable energy (e.g. wind, solar) generates more than 20% of the total grid 

electric capacity, the energy storage by electrolysis and the use of hydrogen as product 

of electrolysis would bear high commercial potential [9].  

Today one of the key challenges in the commercial application of SOFC technology lies 

in the long-term thermal stability of cell compounds. The state-of-the-art intermediate 

temperature SOFCs (IT-SOFCs) can operate in the temperature range 650-850 °C. 

These IT-SOFCs have the advantages in higher energy efficiency, and longer durability, 

compared with the high temperature SOFCs (HT-SOFCs, T > 850 °C). Further 

decreasing the operating temperature and developing the low-temperature SOFC (LT-

SOFC, T = 400-650 °C) technology would lower the cost of the SOFC because cheaper 

materials as cell components could be used and the cost in the heat-recycling unit could 

be reduced [9]. Of course, the LT-SOFC has also better long-term durability with lower 

degradation rates of compounds compared with the IT-SOFC and the HT-SOFC. 

One of the major questions of LT-SOFC technology is how to maintain sufficiently high 

energy density [7]. This question can be answered by exploring new types of electrode 

and electrolyte materials which hold sufficient oxygen ionic and electronic 

conductivities in the temperature range 400-650 °C. The loss of cell performance with 

decreasing temperature is mainly from the cathode. The oxygen reduction in the cathode 

needs relatively large activation energy; the polarization resistance of the cathode 

increases significantly with decreasing temperature. The R&D of new-generation of 

cathode materials for LT-SOFCs has attracted great interest and is described in more 

detail in the following section.     

1.2 Cathode materials of solid oxide fuel cells 
Figure 1.1 shows that the oxygen from the air is reduced to oxygen ions at the cathode 

of the SOFC. To achieve this high energy-activated reaction, the cathode material has to 

possess the following features [10]: 
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• high catalytic activity for the oxygen reduction reaction (ORR);  

• high specific surface area for sufficient gas-solid contact; 

• high electronic conductivity (> 100 S/cm) at the operating temperature; 

• proper thermal expansion coefficient (TEC) matching that of the electrolyte;  

• high operating stability under oxidizing atmospheres. 

In the case of LT-SOFC (T = 400-650 °C), the commercial La1-xSrxMnO3-δ (LSM) 

cathode does not work due to its low oxygen ion conductivity in this temperature range. 

One strategy to enhance the ORR in the cathode is to manufacture a porous composite 

cathode material by mixing the electronic conducting material LSM with the oxygen ion 

conducting material YSZ (Yttria-Stabilized Zirconia). The other strategy is to use mixed 

ionic and electronic conducting (MIEC) materials. MIEC materials reduce the 

polarization resistance of the cathode by extending the active zone of the ORR from the 

triple phase boundary to the gas-solid interface [11].   

 

Figure 1.2: Crystal structure of the main MIEC oxides: (a) perovskites, e.g. 

(Ba0.5Sr0.5)(Co0.5Fe0.5)O3-δ [12]; (b) double perovskites, e.g. PrBaCo2O5+δ [13]; and 

(c) Ruddlesden-Popper series, e.g. Pr2NiO4+δ [14]. The partly filled red spheres 

indicate the oxygen sites which are not fully occupied.   

As shown in Figure 1.2, there are mainly three types of MIEC oxides explored as 

cathode material of LT-SOFCs [9]: perovskites ABO3-δ, layered perovskites AA'B2O5+δ, 

and Ruddlesden-Popper series An+1BnO3n+1. The oxygen point defects play a critical role 

in the MIEC property of these materials.   

Perovskites. The cubic perovskite has BO6 octahedra in the structure (Fig. 1.2a). The 

lanthanide (Ln = La, Pr, Nd, etc.) cations are partly substituted by alkaline earth cations 

(Ca, Sr, Ba, etc.). This leads to the generation of vacancies at the oxygen sites of the 

Pr

Co
O

Ba
Pr

Ni

O

(a) (b) (c)

Ba/Sr

Co/Fe
O



Chapter 1: Introduction 

6  

BO6 octahedra. For MIEC materials with a perovskite structure, the oxygen ions diffuse 

through the lattice by jumping to a neighbouring oxygen vacancy via a vacancy 

mechanism [15]. The compounds Ba1-xSrxCo1-yFeyO3-δ (BSCF) and La1-xSrxCo1-yFeyO3-δ 

(LSCF) have been widely studied as cathode materials of LT-SOFCs, based on their 

excellent oxygen transport properties and high electronic conductivities.  

Double perovskites. Double perovskites are derived from the partial substitution of the 

A cation by A' on the A-site of a cubic perovskite ABO3-δ (Fig. 1.2b). Similar to that for 

the perovskite structure, the doping with alkaline earth cations A' generates oxygen 

vacancies. When the cation A' has an ionic radius which is significantly different from 

that of the cation A, the structure of the cubic perovskite tends to adopt a layered 

arrangement with A-site cation ordering [15]. As a result, the rearranged structure of the 

material is formulated as AA'B2O5+δ. Some of double perovskites such as GdBaCo2O5+δ 

[16] and NdBaCo2O5+δ [17] present excellent integrated performance and remarkable 

oxygen ionic and electronic conductivities in the SOFC devices. 

Ruddlesden-Popper series. The Ruddlesden-Popper (RP) series An+1BnO3n+1 (A = La, 

Pr, Nd) (B = Cu, Ni, Co) differ in the number of perovskite layers to make up the slabs 

of the crystal structure. In this study, we focus on the first member of the RP series, 

A2BO4+δ (Fig. 1.2c). A2BO4+δ materials with the K2NiF4-type structure consist of an 

alternate stacking of ABO3 perovskite layers and AO rock-salt bilayers. There is a 

lattice mismatch between the perovskite layer and the rock-salt layer. The free space on 

the rock salt layer allows the introduction of interstitial oxygen defects. Oxygen ions 

diffuse between the apical oxygen site of the BO6 octahedra and a neighbouring 

interstitial oxygen site via an interstitialcy mechanism. Many studies have focused on 

the nickelate compounds such as La2NiO4+δ [18-20], Pr2NiO4+δ [21-23] and Nd2NiO4+δ 

[24-26] due to their excellent oxygen transport properties and their thermal expansion 

coefficient which match with the common used electrolyte materials.  
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2 MOTIVATION 

Among Ln2NiO4+δ (Ln = La, Nd, and Pr), Pr2NiO4+δ exhibits the highest oxygen 

diffusion performance [22], which strongly depends on temperature and oxygen 

stoichiometry. Using atomistic and molecular dynamics simulations, Chroneos et al. 

[15, 27, 28] showed that oxygen diffusion in the RP-layered compounds is mediated by 

both oxygen interstitials and oxygen vacancies. Several studies [22, 29, 30] have 

reported enhanced oxygen transport by introducing A-site deficiency in the K2NiF4-type 

polymorphs. Ishihara et al. [29] found that the oxygen ion conductivity of Pr2NiO4+δ 

increases by substitution of Ni with Ga and Cu, but also by introducing Pr deficiency. 

The highest oxygen permeation rate was found for Pr1.9Ni0.71Cu0.24Ga0.05O4+δ. Sadykov 

et al. [30] reported that the chemical diffusion and surface exchange coefficients of Pr2-

xNiO4+δ (x = 0-0.3) at 500 °C both reach a maximum at x = 0.1 as was estimated by a 

mass relaxation technique. Pr deficiency was suggested to decrease the activation 

barrier for oxygen diffusion. Boehm et al. [22] showed that below 750 °C the oxygen 

diffusion performance of Nd2-xNiO4+δ is improved by Nd deficiency.  

The motivation of the present work was manifold. Firstly, Pr2NiO4+δ has been reported 

to be structurally instable at elevated temperature [31]. We, therefore, studied the 

influence of A-site deficiency of Pr2NiO4+δ (0 ≤ x ≤ 0.2) on structural evolution with 

temperature using high-temperature X-ray diffraction and thermogravimetric analysis as 

main techniques. The major aim was to study the influence of praseodymium deficiency 

on the phase transition from low-temperature orthorhombic (LTO) to high-temperature 

tetragonal (HTT) phase and on thermal decomposition. Neutron diffraction is used to 

determine the crystal structure of the materials at room temperature.  
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Secondly, the mechanism of the enhanced oxygen diffusion in Pr2-xNiO4+δ by A-site 

deficiency is not clear. This question was addressed from the view of crystal structure. 

Additionally, the correlation between the average crystal structures (long-range order) 

of Pr2-xNiO4+δ and the oxygen diffusion mechanisms was investigated by combining in-

situ powder neutron and X-ray diffraction, the maximum entropy method and the 

electrical conductivity relaxation technique. We paid attention to the oxygen diffusion 

pathway in the crystal structure and used the bond valence approach to evaluate the 

oxygen diffusion path at intermediate temperatures.  

Thirdly, the mere knowledge of the average crystal structure (long-range order) may be 

insufficient to describe the crystal containing point-defects [32, 33]. Extended X-ray 

absorption fine structure (EXAFS) is used to gain further information on the local 

structure (short-range order) around a selected absorbing atom through photoelectron 

scattering [34]. Up to now, the local structure of A-site deficient Ln2NiO4+δ (Ln = La, 

Nd, and Pr) has not been reported. We, therefore, used EXAFS in this study to discover 

the influence of A-site deficiency on the local structure of Pr2-xNiO4+δ. The local 

structure of Pr2-xNiO4+δ obtained by EXAFS is compared with the average structure 

obtained by XRD/ND. 

Fourthly, it is an ultimate issue to understand the relationship between the exceptionally 

high oxygen diffusion and the oxidation states of the Pr and Ni cations, with 

consideration of praseodymium deficiency and oxygen uptake/release. The oxygen off-

stoichiometry in layered Pr2NiO4+δ is strongly influenced by temperature and oxygen 

partial pressure [35, 36]. The oxidation states of Pr and Ni cations as a function of 

temperature and oxygen partial pressure are explored using in-situ X-ray absorption 

near edge structure (XANES) spectroscopy and thermogravimetric analysis (TGA). The 

oxidation states of Pr and Ni cations at room temperature are estimated using TGA, 

XANES, EXAFS and XRD/ND. 
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3 EXPERIMENTAL 

3.1 Samples 
Powders of Pr2-xNiO4+δ (P2-xNO; 0 ≤ x ≤ 0.2) were prepared by our collaboration 

partner at the University of Twente, the Netherlands, using a solid state reaction 

technique. For this purpose, high purity Pr6O11 (Alfa Aesar, >99.5%) and NiO (Alfa 

Aesar, >99.5%) powders were mixed in the appropriate molar ratio and the obtained 

mixture was ball-milled in ethanol for 24 h using ZrO2 milling balls of 2 mm in 

diameter. The obtained slurry was sieved and dried to obtain the mixed oxide powder. 

The residue was calcined in air at 1448 K for 12 h using a heating rate of 5 K/min. After 

cooling down to room temperature in air, the resultant powder was milled in ethanol and 

dried again. Subsequently, it was annealed in air for 12 h at 1473 K followed by 

quenching in air to room temperature. The oxygen-stoichiometric samples were 

obtained by heating the original air-prepared samples at 580 K in 3% H2/Ar flow for 

10 h [37]. The powders were reduced from black to greyish-green color. TGA 

confirmed the reduction of the original P2-xNO powders to oxygen-stoichiometric 

states within 10 h when heating in the same procedure (Figure A3.1). 

3.2 Electron probe microanalysis 
To determine the Pr to Ni ratio in the P2-xNO samples, electron probe microanalyses 

(EPMA) were performed using the field-emission electron-probe microanalyzer (JEOL 

JXA-8530F Hyperprobe) at the Zentraleinrichtung Elektronenmikroskopie of the 

Technische Universität Berlin, Germany. P2-xNO samples and appropriate reference 

materials were first dried in air at 150 °C for 2 h. The used reference materials for Ni 
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and Pr were NiO (Alfa Aesar, >99.5 %) and Pr6O11 (Alfa Aesar, >99.5 %), respectively. 

An amount of 0.2 g of each of the dried powders was pressed into pellets of 10 mm in 

diameter at 50 kN for 0.5 h. The obtained pellets were fixed on the sample holder with 

carbon tape. The databases from Pouchou [38] and Love and Scott [39] were used in the 

data correction procedure for the elements Ni and Pr. 

There are two measurement modes for the electron probe microanalyzer with back-

scattered electrons: fast Energy-Dispersive Spectroscopy (EDS) and slow Wavelength-

Dispersive Spectroscopy (WDS). All samples were measured in the EDS mode to 

identify composition domains and assess beam profiles. For quantitative analysis of the 

elements Pr, Ni and O, the measurements were performed in the WDS mode. A beam 

diameter of 10 µm was used for the composition analyses of a series of surface areas. 

The accelerating voltage and probe current were 15 kV and 20 nA, respectively. During 

the measurements, the pressure in the specimen chamber was held at 6.5 × 10−4 bar. The 

counting time of the signal peak was 10 s for the front-side background, 20 s for the 

main peak and 10 s for the end-side background. An LDE1 crystal detector was used for 

oxygen detection, a LIF crystal for detection of Ni and a PET crystal for detection of Pr. 

Ten homogeneous surface areas selected on the basis of back-scattered electron images 

were analyzed. JEOL software (JOEL USA, Inc.) was employed for quantitative WDS 

analysis [40], while CASINO v2.48 software was employed to perform statistical data 

reduction through Monte-Carlo simulations [41]. 

3.3 Thermogravimetry 
The oxygen content of the P2-xNO (0 ≤ x ≤ 0.2) samples was investigated by 

thermogravimetric analysis (TGA) using a thermo-microbalance (TG 209 F1 Iris, 

Netzsch, Germany). The absolute oxygen stoichiometry of the samples at room 

temperature was determined by heating the samples to 1000 °C at a rate of 3 K/min 

under a 3% H2/Ar flow. The samples were reduced at 1000 °C for 3 h then cooled down 

to 30 °C at 10 K/min. XRD showed reduction of all materials to Pr2O3 and Ni metal.  

The change of oxygen content of the P2-xNO samples with temperature and oxygen 

partial pressure was studied by a thermos-microbalance (STA 449 F1 Jupiter, Netzsch, 

Germany). To study the change of oxygen contents with temperature, the samples were 

heated to 773 K at 10 K/min under synthetic air flows and kept isothermally for 23 h, 

then the samples were cooled to 323 K at 10 K/min and kept isothermal for 12 h. To 

study the change of oxygen content with oxygen partial pressure, the samples were 
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heated to 773 K at a rate of 20 K/min under 2% O2/Ar flow and kept isothermally for 

10 h. Then the gas flow was changed to 21% O2/Ar for 10 h and 92% O2/Ar for another 

10 h. Afterwards the samples were cooled down to 573 K at a rate of 20 K/min under 

92% O2/Ar flow, followed by isothermal annealing at 573 K under a 92% O2/Ar flow 

for 10 h, 21% O2/Ar flows for 10 h and 2% O2/Ar flow for 10 h. At last the samples 

were cooled down to 313 K at a rate of 20 K/min. 

3.4 Electrical conductivity relaxation 
The electrical conductivity relaxation (ECR) experiments were performed along with 

the collaborators at the University of Twente, the Netherlands. The samples were 

prepared by pelletizing the P2-xNO powders at 30 KPa under uniaxial pressing, 

followed by isostatic pressing at 4000 bar. The obtained pellets were sintered in air at 

1250 °C for 5 h, using heating and cooling rates of 5 K/min The sintered pellets show 

relative densities of above 97% of their theoretical densities measured by Archimedes’ 

method (Duran, Sigma Aldrich). The pellets were then polished on both sides to the 

thickness of 0.5 mm using a grade diamond plate (JZ-Primo, Xinhui, China). The 

polished pellets were cut into bars of dimension 12 × 6 × 0.5 mm3 and cleaned by 

ultrasound (Branson 5510, U.S.A.) in ethanol for 15 min.  

The electrical conductivities of the prepared pellet samples were measured with a four-

probe DC technique using gold wires as electrodes. The pellets were fixed with gold 

conductor paste (Heraeus, Germany) and gold wires (Alfa Aesar, 99.999%) at the ends. 

The obtained samples were placed into the alumina cell with a small internal volumes 

(about 2.6 cm3).  

Electrical conductivity relaxation (ECR) measurements were performed from 848 K to 

723 K. The transient conductivities were measured following oxidation-reduction steps 

in the oxygen partial pressure pO2 range between 0.1 bar and 0.21 bar. The pO2 was 

controlled by two gas-flow controllers, and monitored by a commercial oxygen sensor 

(ZR893/4, Systech, The Netherlands). The gas flows were N2/O2 mixtures and were 

switched rapidly for a step-change of pO2. The measurements were performed with a 

constant flow rate at 300 ml/min. The flush time of the reactor was less than 0.75 s. 

During the measurements, the current through the samples was maintained at 500 mA, 

and the voltage is provided and monitored by a source meter unit (Model 2400 Series, 

Keithley Instruments, U.S.A.). More detailed descriptions of ECR technique and the 

data fitting routines are given elsewhere [42, 43] 
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3.5 X-ray and neutron diffraction 

3.5.1 Basic theory 

3.5.1.1 Fundamentals of diffraction 
To investigate the crystal structure of the related materials, X-ray and neutron 

diffraction data have been extensively used in this work. The basic concepts of 

diffraction are presented in this section. When a X-ray/neutron beam hits on a crystal, 

the X-rays/neutrons are scattered by electrons/nuclei of the atoms. The electrons/nuclei 

become new irradiation sources with independent plane waves. Since atoms in a crystal 

are arranged periodically with parallel planes, diffraction phenomena can be detected 

due to the constructive and destructive interference of the plane waves. The geometrical 

theory of diffraction can be described by  Bragg’s law [44].  

 

Figure 3.1 Schematic reflections of X-ray/neutron beam on (a) single lattice plane, 

(b) the parallel lattice planes. 

When parallel incident waves hit a single lattice plane (Figure 3.1a), the path difference 

of the reflected waves between two atoms is zero, indicating that the reflected waves are 

in the same phase and are constructive. When parallel incident waves irradiate on the 

parallel lattice planes (Figure 3.1b), the path difference between the two reflected waves 

is 2d·sinθ. Here d is the distance between the parallel hkl lattice planes, and θ is the 

grazing angle of the incident waves. hkl are also referred as Miller indices. The 

constructive interference occurs if the following condition is fulfilled: 

     2d·sinθ = n∙λ     (3.1) 

Here n is integer and λ is the wavelength of the incident beam. Eq. 3.1 is the so-called 

Bragg equation. 

Incident beam Reflected beam
Incident beam Reflected beam

(a) (b)
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From Eq. 3.1, we can deduce that the diffraction peaks of the crystal will be 

concentrated in the small 2θ range if the wavelength λ is too small. The peaks will 

seriously overlap if the resolution of the diffractometer is not high enough. If the 

wavelength λ is too big, the number of diffraction peaks is too small to determine the 

crystal structure.  

A unit cell may consist of several species of atoms which occupy different coordination 

sites. The structure factor Fhkl is described by the atomic scattering amplitudes for the 

unit cell with N atoms: 

𝑭ℎ𝑘𝑘 =  ∑ 𝑆j ∙ 𝑒𝑖∙2𝜋(ℎ𝑥j+𝑘𝑦j+𝑘𝑧j)𝑁
j=1     (3.2) 

Here the sum is over all N atoms in the unit cell. 𝑆j is the scattering factor of the jth 

atom; it equals the atomic form factor f (unit in e/atom) in X-ray diffraction and equals 

the coherent scattering length, bcoh (unit in fm) in neutron diffraction. The term 

2𝜋(ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j) describes the phase difference between the reflected wave and the 

incident wave.  𝑥j, 𝑦j, and 𝑧j are the fractional coordinates of the jth atom in the unit cell. 

The intensity of the hkl plane in a X-ray/neutron diffraction pattern is directly related to 

the amplitude of the structure factor |Fhkl|, instead of Fhkl with phase information. The 

amplitude of the structure factor |Fhkl| is expressed as 

|𝑭ℎ𝑘𝑘| =  �∑ 𝑆𝑗 ∙ 𝑒𝑖∙2𝜋�ℎ𝑥j+𝑘𝑦j+𝑘𝑧j�𝑁
j=1 ∙ ∑ 𝑆𝑗 ∙ 𝑒−𝑖∙2𝜋�ℎ𝑥j+𝑘𝑦j+𝑘𝑧j�𝑁

j=1 �
1
2 (3.3) 

When using the Euler equation, it becomes 

|𝑭ℎ𝑘𝑘| = �(∑ 𝑆𝑗 ∙ 𝑐𝑐𝑐2𝜋�ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j�𝑁
j=1 )2  +  (∑ 𝑆𝑗 ∙ 𝑐𝑠𝑠2𝜋�ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j�𝑁

j=1 )2�
1
2   (3.4) 

In some complicated lattices, there are additional lattice points in the body centre or at 

the face centre, or there are other multiple lattice points for an equivalent site. Some 

Miller planes of these lattices fit in with the Bragg’s law but the diffraction intensity is 

equal to zero, due to |Fhkl| = 0. This phenomenon is named as systematic extinction.  

Taking the face-centred lattice as an example, there are four equivalent sites in the unit 

cell, with the fractional coordinates (0, 0, 0), (1/2, 1/2, 0), (0, 1/2, 1/2) and (1/2, 0, 1/2). 

Eq. 3.4 becomes  

 |𝑭ℎ𝑘𝑘| = 𝑆𝑗 ∙ (1 + 𝑐𝑐𝑐𝜋(ℎ + 𝑘) + 𝑐𝑐𝑐𝜋(𝑘 + 𝑙) + 𝑐𝑐𝑐𝜋(ℎ + 𝑙))  (3.5) 

When there is only one odd number or one even number in h, k, l in Eq. 3.5, the (h+k), 

(k+l) and (h+l) are two odd numbers and one even number and |Fhkl| = 0. When h, k, l 
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in Eq. 3.5 are all odd numbers or even numbers, |Fhkl| = 4·Sj. This means that the 

intensity of a hkl plane for a face-centred lattice is not equal to zero only when the h, k, l 

are all odd numbers or even numbers.  

The measurement of the intensity of a diffracted X-ray/neutron beam can be carried out 

by quantum counting with diffractometer techniques. The integrated intensity is 

preferred for the expression of the intensity of X-ray/neutron reflections [45]. Taking 

powder X-ray diffraction as an example, the total intensity of the hkl plane can be 

represented as  

𝐼 =  1
32π𝑅

∙ 𝐼0 ∙
𝑒4

𝑚2𝑐4
∙ 𝜆

3

𝑉02
∙ 𝑉 ∙ |𝐹hkl|2 ∙ 𝑃 ∙

1+cos22𝜃
sin2𝜃cos𝜃

∙ 𝑒−2𝐵∙
sin2𝜃
𝜆2 ∙ 𝐴   (3.6) 

Here 𝑅 is the distance between the sample and the detector; 

𝐼0 is the intensity of incident X-ray beam; 

𝑒 and 𝑚 are the charge and the mass of an electron, respectively; 

𝑐 is the speed of light; 

𝑉0 is the volume of the unit cell; 

𝑉 is the irradiated volume of the powder; 

𝑃  is the multiplicity factor of the diffraction intensity, it equals to the number of 

equivalent lattice planes in a family of lattice; 

1+cos22𝜃
sin2𝜃cos𝜃

 is the Lorentz-polarization factor for the integrated intensity of a diffraction 

line [46];  

𝐵 is the Debye-Waller factor, assuming the atomic vibration to be isotropic; 

𝐴 is the X-ray absorption factor of the sample. 

3.5.1.2 Comparison of X-ray and neutron diffraction   
X-ray and neutron diffraction are widely used in this thesis. Both techniques have their 

unique advantages and disadvantages. X-ray diffraction is one of the most frequent 

techniques in studying the crystal structure of materials, while neutron diffraction 

requires access to a neutron source which is associated with more effort. X-ray 

diffraction, especially synchrotron X-ray diffraction, allows to determine the lattice 

parameters of crystals more precisely than neutron diffraction due to the generally 

higher resolution of synchrotron diffractometers. Besides, the powder X-ray diffraction 
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generally needs less weight of samples and shorter counting time than powder neutron 

diffraction,   

X-rays interact with electrons of atoms. The X-ray form factor increases rapidly with 

the atomic number, Z, e.g. when B =1 Å2, λ =1.54 Å and 2θ = 22°, the X-ray form 

factors f for O, Ni and Pr atoms are 6.8, 24.5 and 51.8 e/atom [47], respectively. The 

intensity of the X-ray diffraction from the light elements (e.g. H, C, O) is much smaller 

than that from the heavy elements (e.g. Fe, Ni, Pr). Neutrons interact with atomic nuclei 

and with magnetic fields from unpaired electrons in the atoms. The bound coherent 

scattering length bcoh is independent of the atomic number, Z. Neutrons are sensitive to 

some light elements such as H (bcoh = -3.74 fm), C (bcoh = 6.65 fm) and O 

(bcoh = 5.80 fm) [48], and the changes of bcoh for most atoms are within a factor of 2 or 3 

[49]. Neutrons are possible to distinguish the elements with close atomic numbers, for 

example, the important application in distinguishing the mixed elements of transitional 

metals in the same sites for the lithium ion battery materials [50], due to the different 

neutron scattering lengths of the transition metal elements (e.g. bcoh(Mn) = -3.73 fm, 

bcoh(Co) = 2.49 fm and bcoh(Ni) = 10.3 fm). 

The distance of the X-ray/electron interaction is comparable with the atomic distance, 

and the thermal vibration of atoms leads to the thermal diffuse scattering in the lattice. 

Both effects result in the decrease of X-ray form factors at high q values, where  

𝑞 =  4𝜋∙𝑠𝑖𝑠𝜃
𝜆

      (3.7)  

For neutrons, the distance of the neutron/nucleus interaction is much smaller than the 

atomic distance, thus the neutron scattering lengths are independent of q values. Thus 

the intensities of hkl planes in XRD patterns are sharply decreasing with increasing q 

values, but the intensities in ND are not influenced by q values, indicating that neutron 

diffraction data provides better information at high q-space for crystal structure analysis. 

The information at high q-space is important for the study of atomic displacement 

parameters and atomic coordinates.   

Besides, neutron diffraction has advantages in determining the magnetic structure of the 

materials due to the magnetic interaction between neutrons and unpaired electrons, and 

in studying the composition profiles of materials due to the large penetration depth of 

neutrons [49]. 
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3.5.1.3 Rietveld refinement 
Rietveld refinement was firstly reported by Hugo M. Rietveld for the characterization of 

crystalline materials in 1969 [51]. It employs the profile intensities obtained from step-

scanning measurements of the powder diffraction pattern. It can provide reliably 

structure details with strong overlapping reflections. Rietveld refinement uses the least-

squares refinement procedures to deal with the total integrated intensities of all recorded 

reflections. The parameters used in the Rietveld model can be divided into three 

categories [49]: 

I. Device parameters, including the beam type, the beam size, the wavelength, the 

measured 2θ range, the background parameters, and the zero error, etc.; 

II. Structural parameters of the material, including space group, unit cell 

parameters, atomic coordinates, atomic occupancies, and atomic displacement 

parameters, etc.;  

III. Peak parameters, including the step size of calculation, the peak width and shape 

parameters, the correlation parameters for peak broadening and asymmetry, etc.. 

 

In Rietveld refinements, the “best-fit” of the measured data and the model lies on the 

best least-square fit to all of the observed intensities simultaneously. The quantity 

minimized in the least-squares refinement is the residual, 𝑐𝑌 [52]: 

𝑐𝑌 =  ∑ 𝑤i ∙ (𝑌i,obs − 𝑌i,calc)i      (3.8) 

Here the sum is overall data points. 𝑤i is the weighting given to the ith data point. 𝑌i,obs 

and 𝑌i,calc are the observed and calculated data of the ith data point, respectively. There 

are several numerical criteria of fit developed by the users to be commonly used: 

• R-weighted pattern 

𝑅wp = �
∑ 𝑤i∙(𝑌i,obs−𝑌i,calc)2i

∑ 𝑤i∙i 𝑌i,obs
2      (3.9) 

• R-pattern 

𝑅p = ∑ (𝑌i,obs−𝑌i,calc)i
∑ 𝑌i,obsi

    (3.10) 

• R-expected 

𝑅exp = �
𝑀−𝑃

∑ 𝑤i∙i 𝑌i,obs
2      (3.11) 
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Here 𝑀 is the number of data points. 𝑃 is the number of parameters. 

• R-Bragg 

𝑅Bragg = ∑ (𝐼k,obs−𝐼k,calc)i
∑ 𝐼k,obsi

     (3.12) 

Here 𝐼k,obs  and 𝐼k,calc  are the “observed” and calculated intensity of the kth 

reflection at the end of the refinement cycles, where the background is 

subtracted. 

• Goodness of fit, GOF 

𝐺𝐺𝐹 = 𝑅wp

𝑅exp
= �∑ 𝑤i∙(𝑌i,obs−𝑌i,calc)2i

𝑀−𝑃
   (3.13) 

3.5.2 X-ray diffraction experiments 
The phase stability of as-prepared powders was investigated by high-temperature X-ray 

diffraction (XRD) in the Bragg-Brentano geometry (Bruker D8 Advance, Bruker-AXS, 

Germany) using a high-temperature oven chamber (HTK-1200N, Anton-Paar, Austria) 

with a heating rate of 60 K/min. The diffractometer was equipped with a LynxEye line 

detector and a Cu anode with characteristic wavelengths Cu Kα1 (λ = 1.5404 Å) and Kα2 

(λ = 1.5444 Å).   

We used three different scan modes to record XRD patterns: 

 

I. Scans in the 2θ range 12-138° at room temperature. Data was collected with a 

step size of 0.015° and a counting time of 4 s per step. 

II. Scans in the 2θ range 10-140° in the temperature range 40-540 °C. The step 

size and counting time were similar to those of spectra recorded at room 

temperature. Data collection was started after a dwell time of 1 h.  

III. Scans in the 2θ range 26-46° in the temperature range 40-800 °C. These were 

measured with the step size of 0.015° and the counting time of about 1.5 s 

per step. Data was collected after a dwell time of 30 s. Within the specified 

2θ range, distinct reflections of the main phase and of several secondary 

phases can be found (e.g. the 113 reflection of P2-xNO at 2θ ≈ 32.1°, the 

111 reflection of NiO at 2θ ≈ 37.3°, and the 111 reflection of Pr6O11 at 

2θ ≈ 28.8°). In order to study the kinetics of LTO/HTT phase transition, 

three scans were recorded at each temperature in the range 300-550 °C. To 
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study the thermal decomposition, ten consecutive scans were measured at 

each temperature in the range 580-800 °C. The recording of each pattern 

took about 0.5 h. 

 

The software Diffrac.EVA v4.1.1 (Bruker AXS, Karlsruhe, Germany) was utilized for 

phase analysis and TOPAS v4.2 (Bruker AXS, Karlsruhe, Germany) [53] for structure 

analysis with the Rietveld refinement method [51]. LaB6 was employed as a reference 

material to determine the instrumental broadening. Crystallite sizes were calculated by 

the Lorentzian full-width at half-maximum (FWHM) of the XRD reflection peaks in 

TOPAS software. 

3.5.3 Neutron diffraction experiments 
Ex-situ neutron diffraction. The crystal structure and purity of as-prepared 

praseodymium nickelates were characterized by neutron diffraction (ND) at room 

temperature, using the FIREPOD diffractometer at Helmholtz-Zentrum Berlin, 

Germany [54]. A neutron beam with a wavelength of 1.7982 Å was generated using the 

monochromator Ge with reflecting plane (511). The sample was enclosed in a 

cylindrical vanadium can of 6 mm in diameter, and diffraction measurements were 

performed at room temperature in the 2θ range from 3° to 142° at intervals of 0.075°. 

Diffraction data for each of the compositions was collected for 7 h to ensure proper 

counting statistics. 

In-situ neutron diffraction. To study the average structure of as-prepared powders, in-

situ powder neutron diffraction (ND) data of P2-xNO were collected in flowing air from 

773 K to 313 K with a tantalum furnace, using the high-resolution powder 

diffractometer HRPT at the Swiss spallation neutron source (SINQ) at Paul Scherrer 

Institute, Switzerland [55]. The neutron beam with a wavelength of 1.494 Å was 

generated using a Ge monochromator with reflecting plane (533). The P2-xNO powders 

were filled into the iron containers of 6mm in diameter and 40 mm in height. The ND 

patterns were recorded in the 2θ range 4-164° with angular step 0.05° using a large 

position sensitive 3He detector.  

Low-temperature powder ND data were measured from 298 K to 6 K with the orange-

cryostats OS, using the fine resolution powder diffractometer FIREPOD at Berlin 

Research Reactor (BER II) at Helmholtz-Zentrum Berlin, Germany [54]. The neutrons 
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with a wavelength of 1.798 Å were obtained using a Ge monochromator with reflecting 

plane (511). The P2-xNO samples were enclosed in vanadium cans of 6 mm in diameter 

and 40 mm in height. The diffraction patterns were recorded in the 2θ range 3-142° with 

angular step 0.075°, using eight individual 3He 2D detectors and a common radial 

collimator to reduce background noise. 

The diffraction data were analyzed with the Rietveld refinement method [51] using the 

program TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany) [53]. The peak profiles were 

fitted with the modified Thompson-Cox-Hastings pseudo-Voigt profile function [52]. 

The background was refined using 16-parameter Chebyshev polynomials. The initial 

structure parameters of the refinements were taken from the single crystal ND studies 

performed by Ceretti et al. [56]. The preferred orientation and anisotropic size 

broadening were corrected based on 4-order spherical harmonics according to Järvinen 

et al. [57]. The 2θ regions with strong Fe peaks from the sample holder were excluded 

in the refinement. The values of zero error, background functions, peak profiles, lattice 

parameters, atomic positions, atomic occupancies and anisotropic atomic displacement 

parameters (ADPs) were refined simultaneously. Based on the refinement results from 

single data sets, the joint neutron and X-ray diffraction refinements were carried out in 

TOPAS 4.2 for the data measured at 773 K, 573 K and 313 K. 

3.5.4 Maximum entropy method calculation 
The nuclear density distributions of P2-xNO were investigated with the maximum 

entropy method (MEM) using the 101 structure factors obtained from the joint 

refinements of the ND patterns within the 2θ range 10-164°. Electron density 

distributions were studied with the MEM using the 49 structure factors within the 2θ 

range 20-100° of XRD patterns. MEM calculations were performed using the program 

Dysnomia [58] with 128 × 128 × 128 pixel unit cells.  

3.5.5 Bond-valence energy landscape calculation 
To explore the oxygen ion diffusion pathways at intermediate temperatures, bond 

valence energy landscape (BVEL) maps were calculated using the crystal structures 

from the joint neutron and X-ray diffraction refinement results. These calculations 

transformed the valence units into energy units as implemented in the program BondStr 

of the FullProf Suite [59, 60]. The soft bond valence parameters developed by Adams 

[61] were used in the calculation. Oxygen ions in P2-xNO were taken as the mobile 
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species in the BVEL calculations and the maximum interaction distance of oxygen ions 

to the counter-ions was set to be 10 Å. The maximum energy above the ground state for 

estimation of percolation was set to be 5.0 eV. The threshold values of activation 

energies were obtained from the energies leading to infinitely connected networks in 

different directions of the unit cell [62].  

The programs Diamond [63] and VESTA [64] were used to visualize the crystal 

structure, the nuclear- and electron- density distributions and the BVEL map.  

3.6 X-ray absorption spectroscopy 

3.6.1 Basic theory 

3.6.1.1 Fundamentals of X-ray absorption spectroscopy 
X-ray absorption spectroscopy (XAS) has become a widely used tool for the study of 

local structure and electronic structure of materials, with the development of 

synchrotron radiation techniques. The beamline of a synchrotron radiation source can 

provide a high flux of monochromatic X-rays with high energy resolution up to ΔE/E ≈ 

10-4. When the X-ray beam hits on a sample, X-rays will be scattered by the electrons 

around the atoms of the sample, or absorbed and excite the photoelectrons through the 

photo-electric effect. Following the Beer-Lambert’s law, the X-ray absorption 

coefficient μ(E) can be expressed as  

   𝜇(𝐸) = 1
𝑥
∙ ln (𝐼0

𝐼𝑡
)    (3.14) 

Here x is the thickness of the sample, I0 is the intensity of incident X-ray beam, and It is 

the intensity of transmitted X-ray beam. The difference in absorption ∆𝜇(𝐸)𝑥 between 

the energy before the edge and the energy just after the edge is often referred as the 

edge step [34]. When XAS experiments are performed in the transmission mode, I0 and 

It are measured by ionic chambers. Depending on the photon energy and on the 

composition of the specimen, the ionic chambers are filled with mixtures of different 

gases (e.g. He, N2 and Ar) in appropriate ratios. 
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Figure 3.2: Schematic illustration of X-ray absorption spectroscopy using the 

reference of NiO: (a) the XAS spectrum of NiO measured at KMC2, BESSY II, 

HZB [65], (b) the photoelectron scattering in the X-ray absorption process. 

The X-ray absorption coefficient μ(E) is a function of the incident X-ray energy 

(Figure 3.2); the used X-ray energy range depends on the probed element. When the 

energy of the incident X-ray beam is equal to the binding energy of a core level electron 

of the probed atoms, a sharp rise of μ(E) is observed (Figure 3.2a). The sharp rise of 

μ(E) is called an absorption edge. For example, it takes approximately 8333 eV to excite 

a core level electron (1s orbital) and leave a core hole in the Ni atom, leading to a sharp 

increase in the absorption of NiO at around 8333 eV, known as Ni K-edge. The 

absorption discontinuity is known as L-edge when an electron is excited from the 2s 

orbital or the 2p orbital. XAS measures the transition of electrons from core electronic 

states to excited electronic states and to continuum states. The different states depend on 

the kinetic energy of the photoelectrons. An X-ray absorption spectrum can be divided 

into three parts (Figure 3.2a): 

• Pre-edge, normally lies between -150 eV and -50 eV before the absorption edge. 

This period of data is important for the data normalization process;   

• X-ray absorption near edge structure (XANES), corresponds to the transition of 

electrons from core states to excited states (between -50 eV and 50 eV around 

the absorption edge). The information such as the average oxidation state, the 

chemical bonding,  and the symmetry of the metal site can be extracted from 

date of XANES [34]; 

(a)

e-

Incoming X-ray 

Scattering atom

Absorbing atom

(b)
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• Extended X-ray absorption fine structure (EXAFS), corresponds to the transition 

of electrons from core states to continuum states (between 50 eV to 1000 eV 

above the absorption edge). EXAFS provides the numbers, types and distances 

of atoms neighbored to the absorbing element [34].  

For XANES, the absorption energy of K-edge increases with increasing the oxidation 

state of the absorbing atom, caused by the shielding effect of the 1s core hole [66]. 

When the absorbed atom has a higher oxidation state, the atom has less extra-nuclear 

electrons and the core-shell electron is stronger attracted by the positive nucleus. As a 

result, more energy is required to excite the electron at the 1s orbital. 

For EXAFS, the incident X-ray provides sufficient energy to release an photoelectron 

out of the absorbing atom. The kinetic energy of the photoelectron is given by: 

(𝐸 − 𝐸0) = 1
2
𝑚𝑒𝑣2     (3.15) 

Here 𝐸 is the energy of the incident X-ray, 𝐸0 is the threshold energy of the electron, 

𝑚𝑒 is the mass of electron, and 𝑣 is the velocity of the electron.  

The photoelectron with a specific kinetic energy can be treated as a wave with 

wavelength  𝜆 . Along with the definitions  𝑘 ≡ 2𝜋
𝜆

, 𝜆 ≡ ℎ
𝑝

, 𝑝 = 𝑚𝑒 ∙ 𝑣 , ℏ ≡ ℎ
2𝜋

 and the 

equation (3.15), the wave-vector 𝑘 of the photoelectron can be expressed as [34]:  

𝑘 = 1
ℏ�2𝑚𝑒(𝐸 − 𝐸0)     (3.16) 

Here ℎ is the Planck constant, ℏ is the Dirac constant, and 𝑝 is the momentum of the 

photoelectron.  

The photoelectron wave can be backscattered by neighboring atoms and interfere with 

the backscattered photoelectron waves (Figure 3.2b). The interference can be 

constructive or destructive. The intensity of the interference depends on the distance 

between the absorbing atom and the neighboring atom, the type of the neighboring atom 

and the energy of the incident X-ray. As the energy of the incident X-ray changes, so 

does the wavelength of the photoelectron. The constructive interference at the location 

of absorbing atom happens when the round-trip distance is a whole number of the 

photoelectron wavelength [34], presented as: 

2𝑅 = 𝑠𝜆        (3.17) 
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Here 𝑅 is the distance between the absorbing atom and the neighboring atom, while 𝑠 is 

an integer.  

 

Figure 3.3: Ni K-edge EXAFS signals for NiO at 298 K: (a) k3-weighted EXAFS 

signal in k-space, and (b) Fourier transform of k3-weighted EXAFS signal in R-

space.  

The oscillating phenomenon of the absorption coefficient in the EXAFS region is 

defined using the coefficient 𝜒(𝑘), expressed as [66]: 

𝜒(𝑘) = 𝜇(𝑘)−𝜇0(𝑘)
𝜇0(𝑘)

    (3.18) 

Here 𝜇(𝑘) is the observed absorption coefficient, and 𝜇0(𝑘) is the free atom absorption 

coefficient. In this thesis, 𝜒(𝑘) is multiplied by 𝑘3 to emphasize the data at high k-range 

(Figure 3.3a). Due to the different scattering phenomenon of the absorbing atom with 

the neighboring atoms, 𝜒(𝑘) consists of various sine waves with different amplitudes, 

frequencies and phases. Fourier transformation (FT) can be used to filter the different 

frequencies to the distances R (Figure 3.3b). The FT of k3-weighted EXAFS signal in R-

space includes different peaks to present the coordination shells of the absorbing atoms. 

The peak position in R-space depends on the atomic distance. The peak intensity is 

mainly related with the type, the number and the thermal variation of neighboring 

atoms. The peak shape is mainly related with the distribution and average atomic 

distances of neighboring atoms around the absorbing atom.   

(a) (b)



Chapter 3: Experimental 

24  

3.6.1.2 Device and samples 

 

Figure 3.4: Experimental setup for in-situ XAS experiments in transmission mode.  

The XAS experiments in this work were performed in transmission mode at the 

beamline KMC-2, BESSY II, HZB, Germany [65]. The in-situ XAS experiments were 

measured with the self-designed copper sample holder using a Anton Paar DHS1100 

hot stage equipped with a carbon dome (Figure 3.4). A white beam of X-ray from the 

synchrotron radiation is monochromatized by a double monochromator of two crystal 

substrates. Three ionization chambers are used to record the incident X-ray intensity I0, 

the sample-transmitted X-ray intensity It, and the foil reference-transmitted X-ray 

intensity Ie. The ionic chambers are filled with a N2/Ar gas mixture of different ratios in 

order to get high signal-to-noise ratios.  

In this thesis, the absorption along the samples was around 2.0λ for Ni K-edge and 

around 1.5λ for Pr L3-edge in order to make the balance between the transmission and 

the edge step. In order to make the samples as uniform as possible over the irradiated 

area of the beam to prevent the thickness effect [67], the samples were mixed with 

boron nitride powder in an alumina mortar for 0.5 h. 

3.6.1.3 Modeling 
As introduced in Eq. 3.18, the coefficient 𝜒(𝑘) is used to describe the oscillation of the 

absorption coefficient in the EXAFS region. When fitted to the experimental data, 𝜒(𝑘) 

can be estimated by [34]: 

   𝜒(𝑘) = 𝑆02 ∙ ∑ 𝑁i ∙
𝐹i(𝑘)
𝑘𝑅i

2 ∙ 𝑒
−2𝑅i
𝜆(𝑘) ∙ 𝑒−2𝑘2𝜎i

2
∙ sin (2𝑘𝑅i + 𝛿i(𝑘))i  (3.19) 

Here the sum is overall types of distinct paths. 

(a) (b)
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𝑆02 is the amplitude reduction factor, also known as the many-electron overlap reduction 

factor. It is an approximation of the effect of intrinsic loss on the EXAFS spectrum. 

Typical values of 𝑆02 are in the range 0.70-1.05; 

𝑁i is the identical number of the ith type distinct paths that the scattering takes place 

around an absorbing atom. In general, the degeneracy 𝑁i  is referred to as the 

coordination number for single-scatterings. 𝑁i must never be negative; 

𝐹i(𝑘)  is the backscattering amplitude from each of the ith type distinct paths. It is 

proportional to the possibility of scattering elastically off the neighboring atom. Its 

value mainly depends on the type of the atoms; 

𝑅i is half the average length of the ith type distinct paths. For single-scattering paths, 𝑅i 

equals to the atomic distance between the absorbing atom and the scattering atom; 

𝜆(𝑘) is the mean free path of the photoelectron; 

𝜎i2  is the mean square relative displacement (MSRD), also known as the EXAFS 

Debye-Waller factor [34]. It describes the square of the standard deviation of the half 

path length. Typical values of 𝜎i2 are in the range of 0.002-0.03 Å2. 

𝛿i(𝑘) is the total phase shift. It mainly originates from the potential valley created by 

the absorbing atom [34]. 

During the EXAFS fitting process in this work, the ab-initio code FEFF was used to 

calculate the terms of 𝐹i(𝑘) , 𝜆(𝑘)  and 𝛿i(𝑘) . The measured data are fitted to the 

modeling equation 3.19 with the Levenberg-Marquardt method of non-linear least-

squares minimization [68]. The quality of the fit can be estimated by the EXAFS R-

factor [34], expressed as: 

R-factor = ∑ (𝑑𝑑𝑑𝑑i−𝑓𝑖𝑑i)2𝑁
i
∑ (𝑑𝑑𝑑𝑑i)2𝑁
i

    (3.20) 

Here the sums are overall measured data points, N. The parameters 𝑑𝑑𝑑𝑑i and 𝑓𝑠𝑑i are 

the “observed” and the calculated intensity of the ith data point. The fit can be performed 

on data in the k- or R-space. In general, the fitting in the R-space provides the most 

meaningful error analysis [68]. For a good fit the R-factor should be smaller than 0.02. 

3.6.2 XAS experiments 
The samples used for the X-ray absorption near edge structure (XANES) measurements 

were prepared by the pellet method [34]. For each Ni K-edge specimen, 6 mg of as 
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prepared P2-xNO powders were mixed with 100 mg of boron nitride powder (Sigma-

Aldrich, 99%) in an alumina mortar for 0.5 h. For each Pr L3-edge specimen, 3.5 mg of 

as prepared P2-xNO powder was used. The mixtures were pressed into a 10 mm 

diameter stainless-steel die at 5 bar.  

Ex-situ X-ray absorption spectroscopy. The ex-situ XANES spectra at the Ni K-edge 

were collected in the transmission mode at beamline KMC-2 of the synchrotron 

radiation source BESSY II at Helmholtz-Zentrum Berlin, Germany [65]. The beam 

energy was controlled by a double monochromator of two Ge-graded Si (111) crystal 

substrates. Three ionization chambers filled with Ar/N2 gas mixtures were used as 

detectors.  

The Ni K-edge XANES spectra of pure Ni foil were simultaneously measured with the 

spectra of the P2-xNO samples for energy calibration. The peak of the first derivative 

was set to 8333 eV. NiO and LiNiO2 samples were used as references for Ni2+ and Ni3+, 

respectively. The Ni K-edge XANES spectra were recorded in the energy region 8183-

8533 eV. In the absorption-edge region from 8300 eV to 8367 eV, the data were 

collected with a step size of 0.5 eV and a counting time of 4 s per step. For the pre-edge 

and post-edge lines, the energy step size was about 5 eV and the counting times were 4-

40 s per step.  

The Pr L3-edge XANES spectra were recorded in the energy region 5764-6144 eV. In 

the absorption-edge region from 5931 eV to 5998 eV, the data were collected with an 

energy step size of 0.5 eV and a counting time of 8 s per step. For the pre-edge and 

post-edge lines, the energy step size was about 5 eV and the counting times were 2-40 s 

per step. Pure Cr foil was used for energy calibration, the peak of the first derivative in 

Cr K-edge XANES spectra was set to 5989 eV. Pr6O11 was used as reference. 

In-situ X-ray absorption spectroscopy. In-situ X-ray absorption spectroscopy (XAS) 

experiments at the Ni K-edge and Pr L3-edge were performed in the transmission mode 

at KMC-2 beamline at Helmholtz-Zentrum Berlin (HZB), Germany [65]. The semi-

circular pellet samples were fixed on the self-designed copper sample holder 

(Figure A3.2), and heated using a hot stage equipped with a carbon dome (DHS 1100, 

Anton-Paar, Austria). The temperature of the samples was calibrated by measuring the 

hcp-fcc phase transition temperature of a Co foil which is known to occur at 695 K [69]. 

The oxygen partial pressure was controlled by a gas control system (CGA-GH7 system, 

HZB). Low-temperature XAS experiments at 20 K were performed in the transmission 
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mode at KMC-3 beamline at BESSY II, HZB, Germany [70]. A detailed description of 

the experimental settings is given by Zhou et al. [71]. 

The XAS spectra of several oxides (NiO, LiNiO2, Pr2O3 and Pr6O11) with known 

oxidation states were measured as reference compounds. The XAS spectra of pure Ni 

and Cr foils were recorded simultaneously with P2-xNO for absolute energy calibration 

at the Ni K-edge and Pr L3-edge, respectively. The in-situ XANES spectra were 

recorded in the temperature range from 773 K to 473 K at pO2 = 0.2 bar, followed by 

measurement in the pO2 range from 10-5 bar to 1 bar at 773 K. Data collection was 

started after a dwell time of 0.5 h.  

The program Athena in the IFEFFIT package was used for energy calibration and 

normalization of the Ni K-edge and Pr L3-edge XANES spectra [72, 73], while the 

program Artemis in the IFEFFIT package was used to fit the EXAFS data [72]. The 

number of independent data points, Nind ≈ 2(kmax – kmin)(Rmax - Rmin)/π, was 21 for the 

present Ni K-edge EXAFS analysis (k = 3.2-11.8 Å-1, R = 1.1-5.0 Å) [34]. Starting 

parameters were taken from our XRD/ND results. The degeneracy, Ndegen, of each 

coordination shell was fixed to the obtained values. The amplitude reduction factor S0
2, 

the edge-energy shift ΔE0, the change of half-path length ΔR, and the mean square 

relative displacement σ2 (also called Debye-Waller factor) were refined in each fit. The 

structure model calculated by the IFEFFIT package for Ni K-edge EXAFS analysis 

contained the neighboring atomic interactions within 5.4 Å around the central Ni atoms, 

and included 14 single-, 18 double- and 2 triple- scattering paths. The fit parameters of 

double- and triple- scattering paths were derived from the corresponding parameters of 

single-scattering paths [34]. To prevent excessive correlation between variable 

parameters and to control the degree of freedom during fitting [34], the parameters of 

the single-scattering paths with FT magnitude |FT·χ(R)| > 1 Å-4 and those with 

|FT·χ(R)| < 1 Å-4 were refined in a two-step sequential procedure. 



Chapter 4: Results and discussion 

28  

4 RESULTS AND DISCUSSION 

4.1 Phase evolution with temperature 

4.1.1 Crystal structure, phase analysis and composition 
Crystal structure. The crystal structure of P2.0NO at room temperature was previously 

refined with space groups Fmmm [30, 74], Bmab [22, 75] and F112/m [76] (or P12n/1, 

noting that  F112/m and P12n/1 belong to the same monoclinic space group 11 [77]). In 

this study, we compared the results of Rietveld refinements within these space groups 

based on room-temperature ND data of P2.0NO, yielding: Rwp = 2.37%, RBragg = 0.51% 

for Fmmm; Rwp = 2.39%, RBragg = 0.58% for Bmab; Rwp = 2.63%, RBragg = 1.03% for 

P12n/1 (Table 4.1 and Table A1.1), where Rwp is the weighted pattern error of the 

refinement and RBragg the Bragg error of the refinement. As the best refinement results 

are obtained for space group Fmmm, room-temperature XRD and ND data of as-

prepared P2-xNO samples were refined within this space group (Figure 4.1,Figure A1.1 

and Figure A1.2). Structural parameters, including lattice parameters, atomic positions, 

occupancies, anisotropic atomic displacement parameters and reliability factors 

obtained from Rietveld refinement of the ND patterns are given in Table 4.1. No 

absorption correction was applied for the ND data due to the negligible absorption 

coefficients for the P2-xNO samples [74]. The use of lower symmetric space groups did 

not improve the refinement results. 

Composition and phase analysis. Electron Probe Micro-Analysis (EPMA) was used to 

measure the Pr to Ni ratio in the P2-xNO samples. Corresponding results are shown in 

Figure 4.2. As seen from this figure, the results are found to be in good agreement with 
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those obtained from Rietveld refinements of the ND patterns. The experimental Pr to Ni 

ratios for P1.8NO and P1.9NO are found larger than their nominal values. The higher 

the Pr deficiency, the bigger is the difference between the nominal and experimental 

values, increasing to a Pr to Ni ratio of 1.89 ± 0.01 for P1.8NO, whose nominal value is 

1.80. The increasing discrepancy between experimental and nominal Pr to Ni ratios 

seems to be linked with the tendency to form secondary phases at higher Pr deficiency. 

 

Figure 4.1: Rietveld-refined diffraction patterns of P2.0NO at 25°C in air: (a) 

XRD; Rwp = 2.88%, RBragg = 0.80%, and (b) ND; Rwp = 2.37%, RBragg = 0.51%. Data 

were fitted in space group Fmmm.  

Due to the sensitivity of X-rays to Pr [78], XRD analysis has the advantage over ND in 

detecting Pr6O11 as secondary phase, while the large neutron coherent scattering length 

of Ni [48] leads to a higher contrast of the NiO secondary phase in ND patterns. 

Rietveld refinement of the XRD and ND patterns of P2.0NO revealed no evidence of 

phase impurities in this material. However, evidence of Pr6O11 and NiO was found in 

the A-site deficient samples P1.8NO and P1.9NO. The amount of NiO was deduced 

from the intensity of the 022 reflection at 2θ ≈ 74.8°. This reflection is not found in the 

(a)

(b)
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ND pattern for P2.0NO (Figure 4.1b), while it is present in the ND patterns for P1.8NO 

(Figure A1.1b) and P1.9NO (Figure A1.2b). The 022 reflection of NiO was chosen due 

to its strong intensity and the fact that it is not overlapping with the peaks of the main 

P2-xNO phase. Pr6O11 and NiO impurity levels found in samples P1.8NO and P1.9NO 

as determined by Rietveld quantitative phase analysis of the XRD and ND patterns are 

listed in the legends of Figure A1.1 and Figure A1.2, respectively.  

Table 4.1: Structural data of P2-xNO from Rietveld refinements of powder ND 

data in space group Fmmm. The numbers in parentheses denote standard 

deviations in units of the least significant digits. 

Atom x/a 

(-) 

y/b 

(-) 

z/c 

(-) 

U11 

(Å2) 

U22 

(Å2) 

U33 

(Å2) 

U12 

(Å2) 

Occ 

(-) 

P2.0NO*1         
Pr 0 0 0.3605(3) 0.016(1)    0.994(6) 
Ni 0 0 0 0.004(2) 0.003(2) 0.016(2)  1 
Oeq 0.25 0.25 0 0.003(2) 0.003(2) 0.046(2)  -0.002(1) 1.002(6) 
Oap 0 0 0.1739(3) 0.115(4) 0.054(3) 0.014(3)  1.009(6) 
Oint 0.25 0.25 0.25 0.041(7)    0.112(4) 
         
P1.9NO*2         
Pr 0 0 0.3596(3) 0.013(1)    0.975(9) 
Ni 0 0 0 0.006(2) 0.003(2) 0.016(2)  1 
Oeq 0.25 0.25 0 0.003(2) 0.003(2) 0.041(3) 0.000(1) 0.989(3) 
Oap 0 0 0.1750(3) 0.116(4) 0.050(3) 0.006(2)  0.983(3) 
Oint 0.25 0.25 0.25 0.041(7)    0.110(6) 
         
P1.8NO*3         
Pr 0 0 0.3588(3) 0.011(1)    0.945(5) 
Ni 0 0 0 0.006(2) 0.004(2) 0.014(2)  1 
Oeq 0.25 0.25 0 0.006(2) 0.003(2) 0.035(2) -0.003(1) 0.981(3) 
Oap 0 0 0.1740(2) 0.105(3) 0.050(3) 0.005(2)  0.949(3) 
Oint 0.25 0.25 0.25 0.034(6)    0.121(4) 
*1 a = 5.4558(2) Å, b = 5.3965(2) Å, c = 12.4424(5) Å. Rwp = 2.37%, Rp = 1.84%, 

Rexp = 2.02%, RBragg = 0.51%, GOF = 1.17.  

*2 a = 5.4556(3) Å, b = 5.3965(2) Å, c = 12.4396(5) Å. Rwp = 2.21%, Rp = 1.75%, 

Rexp = 1.98%, RBragg = 0.45%, GOF = 1.12.  

*3 a = 5.4560(2) Å, b = 5.3990(2) Å, c = 12.4438(3) Å. Rwp = 2.82%, Rp = 2.18%, 

Rexp = 2.09%, RBragg = 0.84%, GOF = 1.35.   
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Figure 4.2: Comparison of Pr to Ni ratios of P2-xNO samples determined by 

EPMA and Rietveld refinements of powder ND data.  

 

Figure 4.3: Back-scattered SEM images of (a) P1.8NO, (b) P1.9NO, and (c) 

P2.0NO. 

The P2-xNO samples show a heterogeneous distribution of the elements on the surface. 

This is most notable in the SEM image of the P1.8NO sample (Figure 4.3a). In this 

image recorded in the back scattered mode, the heavy elements show a lighter color 

a

b c
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than the light elements [39]. The darker-colored particles thus contain higher amounts 

of Ni than the lighter-colored particles. From fast EDS analysis, we found that the Ni 

content of a dark-colored particle (inset in Figure 4.3a) was 39 ± 5 wt%, which value is 

in between the Ni content of the P2-xNO phase (e.g., 15.6 wt% for pure Pr1.8NiO4.0) and 

that of NiO (78.6 wt%). The darker-colored particles are less evident in P1.9NO and 

P2.0NO as can be judged from Figure 4.3b and Figure 4.3c. 

Structural stability. The structural stability of oxides A2BO4 with the K2NiF4 structure 

may be rationalized by the Goldschmidt tolerance factor t [79], which is defined by 

𝑑 = 𝑟A(IX) + 𝑟O
√2(𝑟B(VI) + 𝑟O)     (4.1) 

where rA, rB and rO are the ionic radii of the A- and B-site cations in the appropriate 

coordination (Roman numerals represent the coordination numbers). Ideal matching of 

the ionic radii occurs for t = 1 [80]. Yokokawa et al. [81] showed that the K2NiF4 

structure is stable only for t > 0.84. Following Bansod et al. [82], t of A-site substituted 

materials with composition A2-xA’xBO4+δ is given by 

 𝑑 =
�1−𝑥2�𝑟A(IX) + 𝑥2𝑟A′(IX) + 𝑟O

√2(𝑟B(VI) + 𝑟O)      (4.2) 

Assuming a zero radius for Pr vacancies [83], t of A-site deficient P2-xNO may be 

written as 

𝑑 =
�1−𝑥2�𝑟Pr(IX) + 𝑟O
√2(𝑟Ni(VI) + 𝑟O)      (4.3) 

Calculated values of t are 0.873 ± 0.005 for P2.0NO, 0.861 ± 0.005 for P1.9NO and 

0.851 ± 0.005 for P1.8NO, indicating that with increasing A-site deficiency the 

composition is closer to the stability boundary of the K2NiF4 structure. Calculations 

were performed in accordance with the Pr to Ni ratios derived from the Rietveld 

refinements of the corresponding ND patterns (Table 4.1). Ionic radii were taken from 

Shannon [84]: Pr3+(IX) = 1.179 Å, Ni2+(VI) = 0.69 Å, O2-(VI) = 1.40 Å.  

Oxygen content. TGA was used for estimation of the absolute oxygen contents in the 

P2-xNO samples. Corresponding data obtained for heating P2.0NO under 3% H2/Ar is 

shown in Figure 4.4. The gradual weight loss with increasing temperature is 

characterized by three different regions:  
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I. loss of adsorbed water up to TI ≈ 310 °C (which temperature corresponds to a 

minimum in the first derivative of the curve). 

II. loss of interstitial oxygen, Oint, up to TII ≈ 420 °C. The short plateau in the curve 

corresponds to δ = 0, i.e., stoichiometric Pr2NiO4.  

III. loss of equatorial oxygen, Oeq, and apical oxygen, Oap. The oxide becomes fully 

reduced to Pr2O3 and Ni metal above TIII ≈ 800 °C, providing the reference 

stoichiometry for calculation of the oxygen content.   

 

Figure 4.4: Weight loss as a function of temperature determined by TGA of as-

prepared P2.0NO under 3% H2/Ar. 

The oxygen contents of the P2-xNO samples were calculated from the observed weight 

loss and the measured weight after full reduction. It is assumed that in each of the 

samples below TI negligible release of oxygen occurs. The latter was confirmed for 

P1.8NO by comparing the results obtained for non-dry samples with those from 

measurements on carefully dried samples (see Appendices Figure A1.3). Similar 

observations have been reported for other oxides, including Pr2NiO4+δ [75], Nd2NiO4+δ 

[85], and La2NiO4+δ [86]. 

The good agreement between the oxygen contents determined by TGA and those 

obtained from Rietveld refinements of the ND patterns as noted in Table 4.2 are in 

support of the above analysis. The room temperature oxygen stoichiometry (4+δ) of 

samples P2-xNO is found to decrease with increasing A-site deficiency from a value of 

~4.24 for P2.0NO to ~4.17 for P1.9NO to ~4.13 for P1.8NO. The observed behaviour 

can tentatively be explained by charge compensation effects. A somewhat surprising 
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observation, however, is that it is primarily the concentration of apical (Oap) and 

equatorial oxygen (Oeq) which is affected by increasing A-site deficiency, while that of 

interstitial oxygen (Oint) remains virtually constant. More research is warranted to 

understand why with increasing A-site deficiency charge compensation of Pr vacancies 

(VPr′′′ ) preferentially occurs by formation of oxygen vacancies (VO∙∙ ) at apical and/or 

equatorial sites, rather than by reducing the concentration of interstitial oxygen ions 

(Oi
′′), parentheses enclosing the Kröger-Vink notation of the defects. 

Table 4.2: Oxygen stoichiometry (4+δ) of samples P2-xNO at room temperature 

from TGA and Rietveld refinements of ND data. (Oeq + Oap) and Oint refer to the 

molar fractions contributed by equatorial and apical oxygen, and by interstitial 

oxygen, respectively. The numbers in parentheses denote standard deviations in 

units of the least significant digits. 

 P2.0NO P1.9NO P1.8NO 

 TGA ND TGA ND TGA ND 

(4+δ) 4.24(2) 4.24(3) 4.17(2) 4.16(2) 4.13(2) 4.10(2) 

(Oeq + Oap) 4.00(2) 4.02(2) 3.93(2) 3.94(1) 3.88(2) 3.86(1) 

Oint  0.24(2) 0.22(1) 0.24(2) 0.22(1) 0.25(2) 0.24(1) 

 

4.1.2 Phase transition 
High-temperature XRD contour plots and corresponding diffraction patterns for 

P2.0NO in the temperature range 40-540 °C are shown in Figure 4.5a and Figure 4.5b, 

respectively. These data clearly demonstrate the LTO-to-HTT transition occurring in 

this material. In agreement with previous studies [30, 36, 87], the phase transition is 

found to occur at about 400-420 °C. Similar transition behaviour was found for A-site 

deficient P1.9NO and P1.8NO (Figure A1.4). Quantitative phase analysis (QPA) [88-

91] with Rietveld refinement was used to determine the mass fractions of LTO and HTT 

phases in the phase transition region. As an example, Figure 4.6 shows the Rietveld 

refinement of a diffraction pattern of P2.0NO recorded at 430 °C showing co-existence 

of LTO (space group Fmmm) and HTT (space group I4/mmm) phases.  
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Figure 4.5: (a) High-temperature XRD contour plots for P2.0NO as a function of 

temperature, and (b) characteristic part of the recorded patterns, showing the 

LTO to HTT phase transition.  

 

Figure 4.6: Rietveld refinement of the high-temperature XRD pattern of P2.0NO 

recorded at 430 °C, which is in the temperature region where co-existence of LTO 

and HTT phases is observed. Rwp = 2.64%, RBragg (LTO) = 1.07% and RBragg (HTT) 

= 1.06%. The inset shows a magnification of the pattern.  

Figure 4.5b shows XRD patterns of the P2.0NO sample as a function of temperature. 

Similar patterns, including those for P1.9NO and P1.8NO and for different dwell times 

at temperatures in the co-existence region of LTT and HTT phases are given in 

(b)(a)
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Figure A1.4. The LTO-to-HTT phase transition is apparent from the merging of the 200 

and 020 reflections at around 32.5-33.5° as shown for P2.0NO in the inset of Figure 4.6. 

No changes in the intensities of the 200 and 020 reflections upon extended annealing 

(up to 1.5 h) in the range of temperatures where there is co-existence of LTO and HTT 

phases.  

Lattice parameters and cell volumes obtained from the Rietveld refinements of the 

diffraction patterns as a function of temperature are shown in Figure 4.7. These are 

found to increase with temperature due to thermal expansion. The former appears highly 

anisotropic for the P2-xNO phases and found much more profound along the c-axis 

compared to that along a- and b- axes. This is presumably due to the layered structure of 

the materials, and the relatively small contribution of chemical expansion at 

temperatures up to about 350 °C. Kharton et al.38 concluded on the basis of combined 

data from coulometric titration and dilatometry of related La2NiO4+δ that oxygen losses 

between 923 and 1223 °C lead to contraction along the c-axis due to the decreasing 

concentration of oxygen interstitials. The LTO phase undergoes a slight increase in the 

degree of orthorhombicity, (a-b)/(a+b), within the phase transition region from 0.0048 

at 420 °C to 0.0063 at 460 °C. This change in orthorhombicity could be related to the 

concentration and re-distribution of the interstitial oxygen atoms [74, 92]. The cell 

volumes (Figure 4.7b) are not affected by the LTO-to-HTT phase transition, showing an 

almost linear expansion over the temperature range covered by the experiments. The 

linear thermal expansion coefficients (TECs) calculated from variation of the cubic root 

of the cell volume with temperature are in the range 15.8-16.0 × 10-6 K-1. These values 

slightly differ from values reported in literature (13 × 10-6 K-1, 13.6 × 10-6 K-1, 

14.2 × 10-6 K-1) [21, 22, 36], which may be ascribed to different temperature ranges and 

ambient conditions in the cited studies. 
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Figure 4.7: Temperature dependence of (a) lattice parameters, and (b) lattice 

volumes of P2-xNO phases. The dashed areas denote the co-existence region of 

LTO and HTT phases. For clarity reasons, data points in the co-existence region 

are shown in the insets (next to the figures; only for P2.0NO). For the sake of 

comparison, structural parameters are given within the F-setting for the unit cells. 

The body-centered unit cell of the HTT phase in space group I4/mmm was 

transformed to the corresponding face-centered unit cell in space group F4/mmm, 

using the matrix (1, 1, 0), (1, -1, 0), (0, 0, -1) [14, 93]. 

The orthorhombic structure of P2-xNO phases at room temperature is considered to be a 

consequence of the tilting and twisting of the NiO6 octahedra perpendicular to the c-axis 

and is presumably related to interstitial oxygen ordering [56, 76]. The latter is evidenced 

by the incommensurate satellite reflections at around 25.0° and 47.0° in the ND patterns 

(Figure 4.1b), in agreement with reports in literature [74, 76, 94]. The tilting of the NiO6 

octahedra reduces upon heating to about 400-420 °C [56], at which the material 

undergoes a continuous phase transition from orthorhombic (LTO) to tetragonal (HTT). 

(b)

(a)
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Using temperature-programmed thermal analysis Niwa et al. [95] showed the phase 

transition in P2.0NO to be first order. The observed co-existence of LTO and HTT 

phases over a range of temperature (ΔT = ~40 K) in this study confirms that the phase 

transition in these materials is first order. 

Figure 4.8a shows the mass fractions of the HTT phase in P2-xNO samples in the phase 

transition region. The peak transition temperatures estimated by fitting the data to a 

cumulative Gaussian distribution function are 433 ± 2 °C for P2.0NO, 432 ± 2 °C for 

P1.9NO and 421 ± 2 °C for P1.8NO. To check the reversibility of the phase transition, 

XRD patterns for P2.0NO were recorded during heating and cooling between 400 °C to 

500 °C. Figure 4.8b demonstrates that the phase transition in this material is highly 

reversible and shows negligible hysteresis.  

 

Figure 4.8: (a) Mass fraction of the HTT phase in P2-xNO samples as a function of 

temperature derived from Rietveld refinements of XRD patterns measured during 

heating, and (b) check of the reversibility on cooling and heating for P2.0NO. The 

dashed lines are guides to the eye. 

4.1.3 Thermal decomposition 
The thermal decomposition of A-site stoichiometric P2.0NO, leading to formation of 

the 3rd order RP-phase Pr4Ni3O10-y and Pr6O11, has been reported by several groups [11, 

76, 94, 96, 97]. The proposed decomposition reaction can be represented by  

9 Pr2NiO4+δ + (2.5 - 4.5δ - 1.5y) O2 → 3 Pr4Ni3O10-y + Pr6O11    (4.4) 

To monitor the thermal decomposition of P2-xNO samples in this study, XRD patterns 

(2θ range 26-46°) were recorded at different temperatures in the range 580-800 °C. At 

each temperature, 10 consecutive XRD patterns with regular time intervals were 

(b)(a)
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recorded, after which the temperature was increased. The intensity of the 113 reflection 

at 2θ ≈ 31.5° was used to monitor the progressive decomposition with time. Figure 4.9 

shows corresponding XRD patterns for P2.0NO.  

Figure 4.9a shows for P2.0NO the first XRD patterns in each of the series at different 

temperatures. Clearly visible is that the intensity of the 111 reflection of Pr6O11 at 

2θ ≈ 27.8° increases, while that of the 113 reflection of P2.0NO at 2θ ≈ 31.5° decreases 

with annealing time. The latter is also noted from Figure 4.9b, showing the 113 

reflection recorded as a function of time at a given temperature. Similar data were 

obtained for P1.9NO and P1.8NO. 

 

Figure 4.9: (a) High-temperature XRD patterns of P2.0NO recorded (a) 

immediately after reaching the indicated temperatures, and (b) after different 

annealing time at given temperature (700 °C). The intensity of the 113 reflection at 

2θ ≈ 31.5° was used to monitor the progressive decomposition of the HTT phase of 

P2.0NO with time. 

The time dependence of the integrated intensity, I(t), of the 113 reflection at a given 

temperature was used to extract the apparent reaction rate constant k of the 

decomposition reaction. Assuming linear kinetics of the decomposition reaction, 

𝐼(𝑑)
𝐼0

= exp �− 𝑑−𝑑0
𝜏
�                      (4.5) 

k is determined from the inverse of the time constant 𝜏. In Eq. (4.5), t is the elapsed 

cumulative time, whereas I0 is the intensity at time t = t0, i.e., at the start of the 

annealing at given temperature. It is implicitly assumed that the overall decay in 

intensity I(t) can be equated to the change in mass fraction of the P2-xNO phase [98, 

99]. Figure 4.10a shows a cumulative plot of the mass fractions of P2-xNO phases with 

(b)(a)
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time during annealing in air for periods of 5 h at different temperatures. Note that for all 

three compositions decomposition is almost complete at about 800 °C. Figure 4.10b 

demonstrates a plot used to extract the rate constant from intensity data obtained at a 

given temperature. Similar plots at other temperatures for P2.0NO are given in the 

Supplementary Information (Figure A1.5). The obtained plots are nearly linear and are 

in reasonable agreement with the assumed linear kinetics of the decomposition reaction.  

 

Figure 4.10: Thermal decomposition of P2-xNO: (a) mass fraction of P2-xNO as a 

function of the cumulative annealing time at different temperatures, and (b) graph 

of the natural logarithm of the intensity ratio I/I0 of the 113 reflection versus time 

(Eq. 4.5) used to determine the rate constant of the decomposition reaction of 

P2.0NO during annealing at different temperatures.   

Arrhenius plots of the rate constants obtained for the decomposition reaction in P2-xNO 

samples are given in Figure 4.11. The observed activation energies of the 

decomposition reaction are in the range 166-221 kJ/mol. The observed time constants 

for the decomposition reaction of P2.0NO vary from approximately 120 h at 600 °C, to 

25 h at 650 °C to several hours at 750 °C. In a recent study [31], the authors found the 

chemical diffusion and the surface exchange coefficients, as well as the oxygen 

permeation rate of P2.0NO at 750 °C to increase over time with an apparent time 

constant of ~50 h. The larger time constant for the decomposition reaction for sintered 

ceramics (>96% of theoretical density) relative to that of powders as observed in this 

study indicates that the form (powders versus sintered ceramics) is relevant to the rate of 

the decomposition reaction. It might be that in solid ceramics the number of nucleation 

sites is smaller and/or diffusion of, e.g., cations, is more restricted than in powders. 

(b)(a)
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Clearly more research is needed to understand the mechanism of the decomposition 

reaction of P2-xNO at elevated temperatures.    

 

Figure 4.11: Arrhenius plot of the rate constant for the thermal decomposition 

reaction of P2-xNO phases. 

4.1.4 Summary 
We investigated the structural evolution with temperature of layered A-site deficient 

Pr2-xNiO4+δ (x = 0 - 0.2) with the K2NiF4 structure. Data of neutron diffraction and 

thermogravimetric analysis reveals that Pr deficiency causes generation of lattice 

oxygen vacancies on equatorial and apical sites but does not influence the concentration 

of interstitial oxygen. High-temperature X-ray diffraction shows for all materials a 

reversible orthorhombic-to-tetragonal phase transition with negligible hysteresis in the 

range ~400 - 450 °C, reducing tilting and twisting of the NiO6 octahedra. The phase 

transition temperature is found to decrease slightly with increasing A-site deficiency. 

Thermal decomposition to Pr4-zNi3O10-y and Pr6O11 is found to occur in the temperature 

range 580 - 800 °C with apparent activation energy 166 - 221 kJ/mol. 
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4.2 Average crystal structure 

4.2.1 Oxygen-ion and electronic conductivity  

 

Figure 4.12: Chemical diffusion coefficient Dchem and the surface exchange 

coefficient kchem determined by ECR of P2-xNO. 

Figure 4.12 shows the Arrhenius plots of Dchem and kchem derived from the electrical 

conductivity relaxation measurements for the P2-xNO samples with oxygen partial 

pressure pO2 steps between 0.21 bar and 0.1 bar. Both Dchem and kchem increase with 

increasing Pr deficiency. The measured Dchem and kchem are in good agreement with 

results obtained by the mass relaxation technique reported by Sadykov et al. [100]. At 

773 K, Dchem and kchem coefficients for P1.8NO are about one order of magnitude larger 

than those for P2.0NO, suggesting a strong enhancing effect of Pr deficiency on both 

the oxygen bulk diffusion and the surface exchange rate. The apparent activation 

energies of Dchem and kchem are shown in Table 4.3. The smaller activation energy of 

Dchem in P2.0NO suggests that the bulk diffusion of P2.0NO is less thermally activated 

than those of P1.9NO and P1.8NO. 

Within the temperature range 723-848 K, the electronic conductivity of P2-xNO 

decreases with increasing temperature (Figure 4.13). The measured electronic 

conductivities of the P2-xNO samples lie in the range 110-125 S·cm-1. These high 

values fulfill the requirement of electronic conductivity of SOFC cathode materials 

[22].  

(a) (b)
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Table 4.3: Apparent activation energies of Dchem and kchem of P2-xNO materials 

measured from ECR experiments. Standard errors are given in parentheses and 

refer to the least significant decimals.  

ID 

Activation energy of Dchem 

(kJ·mol-1) 

Activation energy of kchem 

(kJ·mol-1) 

Oxidation run Reduction run Oxidation run Reduction run 

P2.0NO 14(1) 16(1) 18(2) 18(1) 

P1.9NO 23(1) 23(1) 22(1) 22(1) 

P1.8NO 24(1) 21(1) 22(1) 23(1) 

 

Figure 4.13: Temperature dependences of the electrical conductivity σ of P2-xNO. 

The smaller electronic conductivities at higher temperatures are ascribed to the lower 

oxygen contents [22]. The electronic conductivity is strongly related to the 

concentration of Ni electron holes [101]. Higher temperature reduces the oxygen 

content in P2-xNO and leads to a decrease in the Ni3+ concentration. 

4.2.2 Structure analysis 
Joint refinement of neutron and X-ray diffraction data can provide more precise 

structure information about P2-xNO, including atomic occupancies, atomic positions 

and anisotropic ADPs of Pr, Ni and O than the refinement of single diffraction data set. 
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Due to the large difference in scattering lengths of Ni, O and Pr [48, 78], ND is 

sensitive to Ni and O while XRD is sensitive to Pr.  

 

Figure 4.14: Joint refinement of neutron and X-ray powder diffraction data for 

P2.0NO: (a) ND data, (b) XRD data. Data were recorded at 773 K and fitted with 

single P2.0NO phase in space group F4/mmm. 

Joint refinement results indicate that all the P2-xNO samples at 773 K reveal the HTT 

structure with space group I4/mmm, and the P2-xNO samples at 573 K and 313 K 

reveal the LTO structure with space group Fmmm (Figure 4.14, Figure A2.1 and 

Figure A2.7). For the sake of comparison, the body-centered unit cells with space group 

I4/mmm were transferred to the face-centered unit cells with space group F4/mmm, the 

transformation matrix being (1, 1, 0), (1, -1, 0), (0, 0, -1) [14]. At 6 K, the Rietveld 

analysis of ND data indicates that P1.8NO remains in the LTO structure with space 

group Fmmm. Phase analysis using the joint refinement reveals that the mass fractions 

of the main P2-xNO phases are 100% (P2.0NO), 99.3% (P1.9NO) and 98.1% 

(P1.8NO), while the secondary phases mainly consist of NiO (Figure A2.3 -

Figure A2.7). 
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Table 4.4: P2-xNO structure data obtained from the joint Rietveld refinement of 

powder X-ray and neutron diffraction data at 773 K. P2-xNO main phases were 

fitted with space group F4/mmm.  

Atom x/a 

(-) 

y/b 

(-) 

z/c 

(-) 

U11 

(Å2) 

U22 

(Å2) 

U33 

(Å2) 

U12 

(Å2) 

Occ 

(-) 

P2.0NO*1         
Pr 0 0 0.35951(6) 0.0179(2) 0.0179(2) 0.0116(4)  0.998(1) 
Ni 0 0 0 0.0076(4) 0.0076(4) 0.036(1)  1 
Oeq 0.25 0.25 0 0.0190(7) 0.0190(7) 0.041(2)  -.004(1) 1.003(3) 
Oap 0 0 0.1750(3) 0.091(1) 0.091(1) 0.010(2)  1.005(4) 
Oint 0.25 0.25 0.25 0.037(5)    0.100(4) 
         
P1.9NO*2         
Pr 0 0 0.35935(7) 0.0192(3) 0.0192(3) 0.0113(5)  0.968(1) 
Ni 0 0 0 0.0102(5) 0.0102(5) 0.025(1)  1 
Oeq 0.25 0.25 0 0.0151(7) 0.0151(7) 0.049(2)  -.000(1) 0.977(3) 
Oap 0 0 0.1755(3) 0.089(1) 0.089(1) 0.010(2)  0.976(4) 
Oint 0.25 0.25 0.25 0.048(8)    0.100(4) 
         
P1.8NO*3         
Pr 0 0 0.35992(7) 0.0196(3) 0.0196(3) 0.0164(5)  0.946(1) 
Ni 0 0 0 0.0124(7) 0.0124(7) 0.042(2)  1 
Oeq 0.25 0.25 0 0.021(1) 0.021(1) 0.042(3)  -.007(1) 0.962(8) 
Oap 0 0 0.1767(4) 0.087(3) 0.087(3) 0.010(3)  0.938(9) 
Oint 0.25 0.25 0.25 0.042(8)    0.08(2) 
*1 Unit cell parameters from XRD data: a = b = 5.4544(1) Å, c = 12.5461(2) Å. Rwp = 3.12%, Rp 
= 2.18%, Rexp = 1.72%, RBragg (XRD) = 0.81%, RBragg (ND) = 1.95%, GOF = 1.81. 

 *2 Unit cell parameters from XRD data: a = b = 5.4547(1) Å, c = 12.5465(3) Å. Rwp = 2.89%, Rp 
= 2.07%, Rexp = 1.72%, RBragg (XRD) = 0.60%, RBragg (ND) = 1.97%, GOF = 1.68. 
*3 Unit cell parameters from XRD data: a = b = 5.4549(1) Å, c = 12.5471(2) Å. Rwp = 3.68%, 
Rp = 2.41%, Rexp = 1.68%, RBragg (XRD) = 0.68%, RBragg (ND) = 1.77%, GOF = 2.19.  

 

The refined occupancies at Pr and Ni sites point to the presence of Pr vacancies in 

P1.9NO and P1.8NO (Table 4.4, Table A2.1 and Table A2.2). The Pr to Ni ratios 

obtained from the joint refinements are similar to those obtained from the EPMA 

analysis (Table 4. 5). The experimentally determined Pr to Ni ratio for P1.9NO and 

P1.8NO are larger than the expected values due to the higher NiO contents. 

 

Table 4. 5: Pr to Ni ratios of as-prepared P2-xNO samples, determined by EPMA 

and joint Rietveld refinement of the neutron and X-ray diffraction data. 
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ID EPMA ND+XRD 

P2.0NO 2.02(2) 2.00(1) 

P1.9NO 1.96(2) 1.94(1) 

P1.8NO 1.89(2) 1.89(1) 

 

The oxygen concentrations obtained from the joint refinements are displayed in Figure 

4.15. Pr deficiency does not induce an obvious change of the Oint concentration but 

generates vacancies at Oeq and Oap sites. When the temperature decreases from 773 K to 

573 K, the Oint concentration increases while the oxygen vacancy concentration remains 

roughly the same. The increased Oint concentration is partly ascribed to the phase 

transition from HTT to LTO structure [14, 21, 75]. On further decreasing the 

temperature from 573 K to 313 K, there is no visible change in oxygen concentrations 

for all P2-xNO samples. This result agrees with previous reports for P2.0NO [14, 75].  

 

 

Figure 4.15: Oxygen to Nickel ratios (Oeq + Oap )/Ni and Oint/Ni of as-prepared P2-

xNO samples, determined by joint Rietveld refinement of X-ray and neutron 

diffraction data at various temperatures. 

The total oxygen concentrations of P2-xNO obtained by the joint refinement and TGA 

are listed in Table 4.6. At 773 K, the joint refinement yielded slightly different total 

oxygen concentrations compared with concentrations obtained by TGA. These 
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differences are mainly ascribed to the uncertainties of TGA and Rietveld analyse. The 

total oxygen concentration obtained by the joint refinement of neutron and X-ray 

diffraction data at 313 K is identical to the value obtained by TGA at 323 K.  

Table 4.6: Total oxygen concentrations of as-prepared P2-xNO samples, 

determined by TGA and joint Rietveld refinement of the neutron and X-ray 

diffraction data. 

ID TGA ND+XRD 

  773 K 323 K 773 K 573 K 313 K 

P2.0NO 4.15(2) 4.24(2) 4.22(2) 4.25(2) 4.25(2) 

P1.9NO 4.06(2) 4.17(2) 4.10(2) 4.15(2) - 

P1.8NO 3.95(2) 4.04(2) 3.96(6) 4.03(3) 4.02(3) 

 

Figure 4.16 presents the lattice parameters and the cell volumes of P2-xNO as a 

function of temperature obtained from the joint refinement results. Within the 

experimental uncertainty, the lattice parameters and the cell volumes did not change 

with increasing Pr deficiency. Upon temperature decrease from 773 K to 313 K, the 

samples exhibit a strong anisotropic change in the lattice parameters. The lattice 

contraction along the c-axis is stronger than those along the a- and b-axes. The phase 

transition from the HTT to the LTO structure does not affect the linear behavior of the 

change of cell volumes.  

The local environments of atoms in P2-xNO are schematically depicted in Figure 4.17. 

A Pr atom has four Oeq, five Oap and four Oint atoms as nearest neighbors. A Ni atom 

has four neighboring Oeq atoms and two neighboring Oap atoms to form a NiO6 

octahedron. An Oap atom has one neighboring Ni atom and five neighboring Pr atoms. 

An Oint atom has four neighboring Pr atoms to form an OPr4 tetrahedron, but the closest 

neighboring atoms of Oint are four Oap atoms.  
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Figure 4.16: Thermal evolution of the lattice parameters a, b, c (a) and lattice 

volume V, (b) of the P2-xNO samples from 773 K to 313 K. 

 

Figure 4.17: Schematic local environment of atoms in P2-xNO. 

In the relationship between the structure and the oxygen diffusion performance, the 

mobility of Oap and Oint and the Oint-Oap distance are important factors [101]. From the 

joint refinement results, we found that the Pr-Oint bond lengths increase with increasing 

Pr deficiency (Figure 4.18a). Pr deficiency does not induce a change in the Ni-Oeq bond 

length, but an increase in the Ni-Oap bond length (Figure 4.18b). Additionally, the Oint-

Oap bond length reduces by increasing Pr deficiency (Figure 4.18c).  
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Figure 4.18: Thermal evolution of the bond lengths and BVS values of the P2-xNO 

samples from 773 K to 313 K: (a) bond lengths of Pr-Oint, (b) bond lengths of Ni-

Oeq and Ni-Oap, (c) bond lengths of Oap-Oint, (d) BVS values of Pr and Ni, (e) BVS 

values of Oeq and Oap, and (f) BVS values of Oint. 

Upon decreasing the temperature from 773 K to 573 K, the Pr-Oint bond length and the 

Ni-Oap bond length decrease apparently, and the Oint-Oap distance increases. The HTT to 

LTO phase transition induces a decrease in the mobility of Oint and Oap and an increase 
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in the Oint-Oap distance, thus leading to an increase of the oxygens diffusion resistance 

between Oint and Oap sites. The Oint-Oap distance at 573 K is higher than that at 313 K 

due to thermal expansion of the lattice. 

In order to check the reliability of the determined structures and the interaction strength 

of cation-anion pairs [102], the bond valence sum (BVS) values of particular atomic 

positions were calculated using the following equation [103]:  

𝑩𝑩𝑩 =  ∑ [𝒎𝐣 ∙ 𝐞𝐞𝐞 (𝑹𝟎− 𝒅𝐣
𝒃𝟎

)]𝐍
𝐣=𝟏        (4.6) 

where dj is the bond length between the central ion and the jth ion with charge opposite 

to that of the central ion, mj is the occupancy of the jth ion site, R0 and b are parameters 

that are empirically determined for the bond type between the test ion and the jth 

neighboring ion, N is the number of the oppositely charged neighbouring ions within 

the preset cutoff distance. In this study, the BVS values of ions were calculated by 

summation over the neighboring bonds within the first coordination sphere with a cutoff 

distance of around 3 Å (Figure 4.17) [103].  The used bond valence parameters are 

R0(Pr-O) = 2.138 Å, b0(Pr-O) = 0.37 Å, R0(Ni-O) = 1.67 Å and b0(Ni-O) = 0.37 Å 

[104].  

The calculated BVS values of Pr and Ni sites of the refined structure of P2-xNO are 

shown in Figure 4.18d. At 313 K, the BVS values of Pr and Ni sites of P2.0NO are 

2.81(1) and 2.61(1), respectively. The standard deviations of BVS values are estimated 

using the standard deviations of bond lengths and occupancies from the joint refinement 

results. The calculated BVS values of Pr and Ni sites of P2-xNO are consistent with the 

formal oxidation state of Pr3+ and Ni2+, and are close to the values BVS(Pr) = 2.84(2) 

and BVS(Ni, Cu, Ga) = 2.507(6) reported by Yashima et al. [101] for 

Pr2(Ni0.75Cu0.25)0.95Ga0.05O4+δ at room temperature. Pr deficiency induces a decrease of 

the BVS values at Pr and Ni sites, mainly due to the increased oxygen vacancy 

concentrations at Oeq and Oap sites. The BVS values of Pr sites at 773 K are smaller than 

those at 313 K, which is caused by the decreased Oint occupancies and the enlarged 

bond lengths with increasing thermal expansion.  The decrease of BVS values of Ni sites 

at higher temperature is mainly related to the larger Ni-O bond lengths. 

At 313 K, the calculated BVS values of Oeq and Oap in P2.0NO are 2.16(1) and 1.68(1). 

The much larger value of BVS(Oeq) compared with BVS(Oap) (Figure 4.18e) is mainly 

ascribed to the Ni-Oeq bond length (1.917(1) Å), which is shorter than the Ni-Oap bond 

length (2.141(1) Å) (Figure 4.18b). The larger BVS value of Oeq compared with Oap 
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indicates that Oeq ions are not as mobile as Oap ions. The change of BVS(Oap) as a 

function of Pr deficiency is about two times larger than the change of BVS(Oeq) 

(Figure 4.18e). The neighbouring Pr cations contribute about 83% to the BVS value of 

Oap compared with a contribution of about 52% to the BVS value of Oeq. This indicates 

that the influence of Pr deficiency on Oap atoms is larger than that on Oeq atoms. 

Figure 4.18f shows the calculated BVS(Oint) of the P2-xNO samples. BVS(Oint) is larger 

than 2, indicating that Oint ions are overbonded with Pr in the OPr4 tetrahedron. Pr 

vacancies in P2-xNO cause a decrease of the BVS(Oint) values and make Oint more 

mobile. 

 

Figure 4.19: Thermal evolution of ADPs of P2-xNO from 773 K to 6 K: (a) 

U11(Oap), (b) U33(Oeq), (c) U33(Ni), (d) Uiso(Pr) and Uiso(Oint). 

The ADPs of Oeq in P2-xNO show that the thermal ellipsoids of Oeq are highly 

anisotropic with U11(Oap) = (4-15)·U33(Oap), as observed from the joint Rietveld 

refinement results (Table 4.4, Table A2.1 and Table A2.2). The Oap atoms exhibit 
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extremely high thermal motion in the a-b plane with high values of U11(Oap) and 

U22(Oap). The values of U12(Oap) at 313 K and 573 K being smaller than zero are 

ascribed to the tiny monoclinic distortion of the P2-xNO crystals [76]. In this study, we 

keep using the orthorhombic symmetry to describe the average crystal structure of P2-

xNO at T ≤ 573 K. The thermal motions of Oap and Ni also seem to be anisotropic with 

U33(Oeq) ≈ 3·U11(Oeq) and U33(Ni) ≈ 3·U11(Ni), while the thermal motion of Pr is more 

isotropic. 

Figure 4.19a and Figure 4.19b show the anisotropic displacement parameters U11(Oap) 

and U33(Oeq) as a function of temperature. U11(Oap) and U33(Oeq) increase with 

temperature from 6 K to 573 K due to the increased thermal motion at higher 

temperatures. Upon increasing temperature from 573 K to 773 K, both U11(Oap) and 

U33(Oeq) decrease. This is related to the LTO to HTT phase transition. U11(Oap) and 

U33(Oeq) are still relatively large at low temperature. For example, U11(Oap) = 0.095(4) 

and U33(Oeq) = 0.037(3) for P2.0NO at 6 K. This indicates significant static disorder at 

both Oeq and Oap sites [101].  

ADPs consist of a static disorder term Ustatic and a thermal disorder term Uthermal [105]. 

To quantify the static disorder of atoms and the influence of Pr deficiency in the LTO 

structure of P2-xNO on the static disorder, two approaches were used: the linear-fit 

approach and the Housley-Hess approach [106]. In the linear-fit approach, the Ustatic 

values were estimated by extrapolating the fitting lines of the calculated ADPs to 0 K 

[105]. This approach is simple but not accurate, because the relationship between ADPs 

and temperature is not linear and the thermal disorder terms is larger than zero at 0 K. 

U11
static(Oap) and U33

static(Oeq) calculated by the two approaches are listed in Table 4.7. 

The values using the Housley-Hess approach are smaller than the values using the 

linear-fit approach. Both approaches show that Pr deficiency diminishes U11
static(Oap) 

and U33
static(Oeq) in the LTO structure of P2-xNO. For P2.0NO, the calculated 

U11
static(Oap) value for the LTO structure is even higher than U11(Oap) for the HTT 

structure at 773 K. The decrease of U11(Oap) and U33(Oeq) from 573 K to 773 K is 

ascribed to the reduced static disorder of Oap and Oeq by the phase transition from the 

LTO to the HTT structure. Static disorder terms contribute more to the ADPs of Oap and 

Oeq in the LTO structure of P2-xNO and thermal disorder terms dominate in the ADPs 

of the HTT structure of P2-xNO. 

The thermal ellipsoids of Ni atoms are anisotropic with elongation along the c-axis. 

U33(Ni) as the main displacement parameter term is represented in Figure 4.19c. U33(Ni) 
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increases with temperature from 6 K to 773 K as expected due to the increased thermal 

disorder. Pr deficiency causes an increase of U33(Ni) in the LTO structure. Table 4.7 

shows U33
static(Ni) of the P2-xNO samples calculated by the linear-fit approach and the 

Housley-Hess approach. The calculated values of U33
static(Ni) are much smaller than the 

static disorder terms of Oap and Oeq. Additionally, the value of U33
static(Ni) for P1.8NO is 

about 3 times higher than that for P2.0NO, indicating that the increase of Uiso(Ni) by Pr 

deficiency mainly originates from the increase of Uiso
static(Ni).   

Table 4.7: Minimum static disorder parameters of Oap, Oeq and Ni for LTO phase 

of P2-xNO, estimated using the linear-fit method and the method after Housley 

and Hess. Uij in Å2. 

ID Linear fit method  Housley and Hess‘s method 

 U11
static 

(Oap)   

 

U33
static 

(Oeq)   

 

U33
static 

(Ni)   

 

 U11
static 

(Oap)   

 

U33
static 

(Oeq)   

 

U33
static 

(Ni)   

 PNO2.0 0.103(4) 0.036(2) 0.006(2)  0.096(5) 0.033(3) 0.004(2) 

PNO1.8 0.090(8) 0.032(5) 0.012(4)  0.079(6) 0.028(5) 0.012(2) 

 

Table 4.8: Minimum static disorder parameters of Oint and Pr for LTO phase of 

P2-xNO, estimated using the linear-fit method and the method after Housley and 

Hess. Uij in Å2. 

ID Linear fit method  Housley and Hess‘s method 

  Uiso
static 

(Oint) 
Uiso

static 
(Pr)  

 

   Uiso
static 

(Oint)   

 

Uiso
static 

(Pr) 
 

PNO2.0  0.004(2) 0.004(1)    0.001(5) 0.003(1)  

PNO1.8  0.024(5) 0.004(1)    0.019(6) 0.003(1)  

 

To improve the reliability in the calculation of static disorder of Oint and Pr atoms, the 

Oint and Pr sites of P2-xNO were refined by isotropic ADPs with fewer variables. 

Figure 4.19d shows the Uiso(Oint) and Uiso(Pr) as a function of temperature. Uiso(Oint) 

have high standard deviations due to the low occupancies of Oint sites. It seems that the 

Pr sites have smaller ADPs compared with other sites (Figure 4.19d). Pr deficiency in 
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P2-xNO has almost no influence on Uiso(Pr). The results of Uiso
static(Oint) and Uiso

static(Pr) 

are listed in Table 4.8. The static disorder of Oint in P2.0NO is close to zero, and it 

increases obviously with Pr deficiency. This may be ascribed to the absence of 

symmetry in some OintPr4 tetrahedrons with Pr deficiency (Figure 4.17). The static 

disorder of Pr is small and is not changed by Pr deficiency.  

4.2.3 Bond-valence energy landscape 
In order to simulate the possible diffusion pathways of oxygen ions and to investigate 

the influence of Pr deficiency on oxygen diffusion rates, BVEL of P2-xNO were 

calculated based on the bond-valence method [103]. This method uses the crystal 

structures obtained from the joint refinement results and assesses the oxygen diffusion 

pathways by considering a minimum energy to activate the movement of oxygen ions. 

Low-energy transport pathways of oxygen ions correspond to a sequence of positions 

for which the BVS mismatch |BVS – 2| remain as small as possible.  

 

Figure 4.20: Threshold values of activation energy of P2-xNO as a function of 

temperature obtained from BVEL calculation. 

The BVEL calculations reveal that the structure of P2.0NO at 313 K requires at least an 

activation energy of 3.24 eV to get an infinitely connected equi-energy surface in at 

least one dimension across the unit cells, while the corresponding activation energy of 

3.20 eV for P1.8NO at 313 K is lower. Figure 4.20 shows the activation energies of P2-

xNO along the a- and c-axes as a function of temperature. The activation energies along 

the a-axis and b-axis differ by less than 0.02 eV due to the similar lattice parameters a 

and b. The activation energies in P2-xNO along the a-axis are about 1 eV lower than 
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those along the c-axis (Figure 4.20). This indicates that the oxygen diffusion of P2-xNO 

within the a-b plane is much easier than along the direction of c-axis. 

 

Figure 4.21: BVEL maps of P2.0NO at 313 K (left) and P1.8NO at 313 K (right) 

with an energy 3.2 eV, using pixel 1 × 2 × 1. The displacement ellipsoids obtained 

from the joint refinement results are drawn at the 70% probability level with Pr 

atoms in grey, Ni atoms in green and O atoms in red. 

The influence of Pr deficiency and temperature on the activation energy can be clearly 

observed from the BVEL maps in Figure 4.21 and Figure A2.8. All the BVEL maps 

were drawn at the energy 3.2 eV. A notable feature is that the yellow equi-energy 

surfaces in P1.8NO are connected between Oap and Oint at 313 K, but those in P2.0NO 

at 313 K are not connected. At 773 K, the cross-section of equi-energy surface 

connections further increases for both P1.8NO and P2.0NO (Figure A2.8). The 

connected equi-energy surfaces indicate the possible oxygen diffusion pathways in P2-

xNO. Correspondingly, the oxygen ions in P2-xNO migrate through 2D pathways 

between Oeq and Oint sites within the a-b plane via an interstitialcy mechanism, as 

described by Chroneos et al. [15]. The interpretation of oxygen migration within the a-b 

plane via interstitialcy mechanism is supported by the work of Parfitt et al. [107], who 

studied the oxygen transport in P2.0NO in the temperature range 800-1500 K by 

molecular-dynamics simulation. They found the oxygen migration is highly anisotropic 

and occurs almost entirely via an interstitialcy mechanism in the a-b plane. From the 

BVEL maps one might therefore expect that the oxygen ion conductivity in P2-xNO 

increases with increasing Pr deficiency and increasing temperature. We found that the 

equi-energy surfaces around Oeq and Oap sites are elongated along the c-axis and along 
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the a- and b-axes, respectively. These features support the Rietveld refinement results of 

ADPs for the Oeq and Oap sites.   

4.2.4 Nuclear- and electron-density maps 
The nuclear- and electron-density distributions of P2-xNO were constructed using 

MEM calculations. MEM provides the most probable unconstrained and unbiased 

scattering distribution using the least constraints in the calculation [74]. It is particular 

appropriate for comparing similar structures with defects and other kinds of structural 

disorder. The density distributions obtained by MEM have no limitation in shape, but 

those obtained by Rietveld analysis are limited, for example, in spherical/ellipsoid 

shapes. Thus MEM is a better method in revealing the anisotropic ADPs of atoms than 

the Rietveld analysis. All the reflections in the diffraction data are considered with equal 

importance in the MEM calculation. This weights the weak reflections and eliminates 

the termination effects, resulting in a better defined background of the density maps in 

comparison to the classical Fourier method [74]. 

 

Figure 4.22: Nuclear density distributions of P2-xNO: (a) P2.0NO at 313 K, (b) P2.0NO at 773 K, 

(c) P1.8NO at 313 K, and (d) P1.8NO at 773 K. Figures were drawn with an isosurface value 

0.2 fm·Å3. 

Figure 4.22 presents the 3D nuclear density distributions of P2.0NO and P1.8NO at 

313 K and 773 K, accompanied with the (110) plane to observe the nuclear densities of 

atoms along the c-axis in Figure A2.9 and the (001) plane to observe the nuclear 

densities of atoms along the a- and b-axes. The profiles of nuclear density isosurfaces 

for Pr and Ni atoms in P2.0NO increase with temperature from 313 K to 773 K, 

indicating that the displacements of these atoms increase with increasing temperature 

(Figure 4.19c and Figure 4.19d). Nuclear densities of Ni atoms show respectively large 

2

0

fm·Å-3 a) b) c) d)
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displacement amplitudes along the c-axis with increasing temperature and/or Pr 

deficiency.  

Nuclear densities of Oeq atoms show the main displacement of Oeq along the c-axis, due 

to the fact that U33(Oeq) ≈ 3·U11(Oeq) (Table 4.3, Table A2.1 and Table A2.2). The 

extension of nuclear densities along the c-axis slightly decreases with temperature from 

313 K to 773 K, because the transition from LTO to HTT structure partly diminishes 

U33(Oeq) (Figure 4.19b). In the a-b plane, nuclear densities of Oeq atoms point to the 

[110] and [-1 1 0] directions at 773 K but deviate from these directions at 313 K. This 

may be ascribed to the increased orthorhombicity with phase transition from the HTT to 

the LTO structure [108] and the small monoclinic distortion of the unit cells in the LTO 

structure [14]. 

The nuclear density distribution of Oap atoms in P2.0NO at 313 K reveals a mushroom-

type profile (Figure 4.22a). The convex parts in the perimeter of the profile originate 

from the displacement of Oap by Oint and the convex part in the middle is from the non-

displaced Oap. As the temperature increases from 313 K to 773 K, the nuclear density 

profiles of Oap atoms point more pronouncely to the Oint sites (Figure A2.9), favoring 

the oxygen transport between Oint and Oap sites. With increasing Pr deficiency, the 

nuclear density distributions of Oap atoms are more concentrated in the a-b plane 

(Figure A2.9). As shown in Figure 4.23, the nuclear density of Oap atoms is elongated 

along the a-axis (lattice parameter a > b) at 313 K but shows no difference in shape 

between a-axis and b-axis at 773 K where the structure is tetragonal. The nuclear 

density distributions of Oap atoms point to [1 1 0], [-1 1 0], [1 0 0] and [0 1 0] directions, 

but the density profiles of Oap atoms in the [1 1 0] and [-1 1 0] directions in P1.8NO are 

higher than in P2.0NO. This difference in density distributions may be ascribed to the 

weaker interaction between Oap and Pr atoms in the Pr-deficient material. For an Oap 

atom, there are four neighboring Oint atoms located in the directions of [1 1 0.32], [1 -

1 0.32], [-1 1 0.32] and [-1 -1 0.32]. Thus the higher nuclear densities of Oap in the 

[1 1 0] and [-1 1 0] directions could mean higher oxygen transport possibility between 

Oap and Oint sites. 
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Figure 4.23: Nuclear density distribution on the 001 plane, from left to right side: 

P2.0NO at 313 K, P2.0NO at 773 K, P1.8NO at 313 K, and P1.8NO at 773 K. 

Contour in the range 0-1.0 fm·Å-3 with 0.2 Å-3 per step. All figures are shown in the 

F-centered cell. 

To study the influence of Pr deficiency and temperature on chemical bond strengths, the 

electron density maps in the a-b plane of P2-xNO are presented in Figure A2.10. The 

strengths of Ni-Oeq and Ni-Oap bonds in P2.0NO decrease with increasing temperature 

from 313 K to 773 K, due to the increased bond lengths of Ni-Oeq and Ni-Oap 

(Figure 4.18b) and the decreased Oint contents (Figure 4.15). The loss of Oint is expected 

to reduce the oxidation state of Ni and weaken the interaction between Ni and O atoms. 

Pr deficiency in P1.8NO diminishes the strengths of Ni-Oeq and Ni-Oap bonds, and the 

strengths of Ni-Oeq bonds are higher than those of Ni-Oap bonds. The changed strengths 

of Ni-Oeq and Ni-Oap bonds suggest that both Oeq and Oap atoms become more mobile 
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with increasing temperature and increasing Pr deficiency, and the mobility of Oeq atoms 

is smaller than that of Oap atoms. These results are consistent with our previous results 

from BVS calculations (Figure 4.18e). Besides, the interaction strength between Oint and 

Pr atoms decreases with increasing temperature and increasing Pr deficiency. The 

electron densities of Oint atoms are more dispersed at 773 K than at 313 K. This 

behaviour is similar to the changes observed in nuclear densities (Figure A2.9). 

4.2.5 Discussion 
From the neutron and X-ray diffraction experiments, three observations about crystal 

structures of the Pr deficient samples have to be mentioned. Firstly, Pr deficiency 

generates vacancies at Oeq and Oap sites, but does not change the Oint concentrations 

(Figure 4.15). Secondly, Oap atoms slightly shift to the rock-salt layers with increasing 

Pr deficiencies (Table 4.4, Table A2.1 and Table A2.2). Thirdly, the static disorder of 

Oint atoms in Pr deficient samples increases (Table 4.8). Xue et al. [109] measured the 

total oxygen concentration in (Pa0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ using TGA and 

predicted the oxygen vacancy concentration using an assumed anti-Frenkel equilibrium 

constant. In our study, we experimentally determined the oxygen vacancy and oxygen 

interstitial concentrations of P2-xNO using TGA and joint Rietveld refinement of 

neutron and X-ray diffraction data. Our results from TGA and refinement analysis are 

consistent and verify the presence of oxygen vacancies generated by Pr deficiency. 

Interestingly, our results indicate that the Oint concentrations in P2-xNO are not 

influenced by the Pr deficiency, which is different from the results for Pr deficient 

Pr1.9Ni0.71Cu0.24Ga0.05O4+δ reported by Ishihara et al. [29]. The Oint concentration is 

proportional to the carrier concentration [101]. A stable Oint concentration is therefore 

essential for a high oxygen diffusion rate. 

Pr deficiency increases the free volume in the rock-salt layer [26] and shifts Oap atoms 

slightly to the rock-salt layer. The Ni-Oap bond length thus increases and the Oap-Oint 

distance decreases (Figure 4.18b and Figure 4.18c). The increase of Ni-Oap bond length 

is related to the lattice relaxation in Pr-deficient crystals. The main stress of P2.0NO is 

from the mismatch between the PrNiO3 perovskite layers and PrO rock-salt layers [110]. 

The Pr deficiency causes slight displacements of Oap atoms from the PrNiO3 perovskite 

layer to the PrO rock-salt layer. Hence, the stress between the two layers is partially 

relaxed by the displacement of Oap atoms towards the rock-salt layer [111]. The free 

volume enlarged by Pr deficiency increases the Pr-Oint bond lengths (Figure 4.18a) and 
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the overbonded Oint become more mobile with higher Pr deficiency as obtained from the 

BVS results (Figure 4.18f). From the electron density maps of P2-xNO using MEM 

(Figure A2.10), we can clearly observe the reduced bond strengths of Ni-Oap and Pr-Oint 

bonds in P1.8NO, indicating that the mobilities of Oap and Oint are increased by Pr 

deficiency. The reduced Oap-Oint distances and the increased mobilities of Oap and Oint 

support the oxygen transport via the diffusion path Oap-Oint-Oap. 

The strong static disorder of Oap in P2-xNO found in this work is consistent with the 

results reported by Yashima et al. for Pr2(Ni0.75Cu0.25)0.95Ga0.05O4+δ [101]. We also 

found that Pr deficiency causes a decrease in the static disorder of Oap along the a-axis 

and the static disorder of Oeq along the c-axis. The high static disorder of Oap is ascribed 

to the repulsion of Oint to Oap atoms [101], which leads to the tilting of neighboring 

NiO6 octahedra. The enlarged free volume in the rock-salt layer may reduce the 

repulsion between Oint and Oap. As a result, the tilting of neighboring NiO6 octahedra 

decreases. Thus, the static disorder of Oap along the a-axis and the static disorder of Oeq 

along the c-axis are reduced by Pr deficiency. Conversely, the point defects at Pr and 

Oap sites diminish the symmetric environment around Oint, the static disorder of Oint 

atoms is increased by Pr deficiency (Table 4.8). From the nuclear density maps using 

MEM (Figure A2.9), the reduced symmetry of nuclear density distribution at Oint sites 

for P1.8NO can be clearly observed. 

The ECR results of P2-xNO (Figure 4.13) reveal that the oxygen diffusion coefficient 

Dchem and the surface exchange coefficient kchem increase with increasing Pr 

deficiencies. The improved oxygen transport performance by introducing A-site 

deficiency is consistent with the reported results for Ln2NiO4+δ (Ln = La, Pr and Nd) 

[22, 100, 109]. Sadykov et al. [100] analysed the migration of Oint in Pr2-xNiO4+δ by the 

interacting bond methods, and showed that the presence of A-site deficiency lowers the 

energy barrier to recover the Oap-Pr bonds after the transfer of an oxygen atom from Oint 

site to Oap site. The lowered energy barrier decreases the activation energy of oxygen 

diffusion. The electron density maps (Figure A2.10) show the increase in Oap-Pr bond 

strength and the decrease in Oint-Pr bond strength induced by A-site deficiency. The 

increased Oap-Pr bond strength indicates a lower energy barrier to recover the Oap-Pr 

bonds. According to the interpretation of Yashima et al. [101], the Oint-Pr bond strength 

decreased by Pr deficiency indicates the increased mobility of Oint. In this study, the 

oxygen transport across the diffusion path Oap-Oint-Oap in P2-xNO is analyzed from the 

view of crystal structure. The improved oxygen transport performance created by A-site 
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deficiency is related to the reduced Oap-Oint distances and the increased mobilities of Oap 

and Oint.   

Xue et al. [109] ascribed the enhanced oxygen transport in A-site deficient 

(Pa0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ to oxygen vacancy diffusion. Cleave et al. [112] 

predicted the most likely pathway of oxygen migration in La2NiO4 by static simulation. 

They found the oxygen transfer across Oap sites has the lowest activation energy. In 

their simulation, a perfect La2NiO4 stoichiometry was assumed and the considered 

interstitial mechanism proceeds via oxygen transport across Oint-Oint-Oint sites. As 

obtained from the BVEL calculation (Figure 4.20), the activation energy of oxygen 

migration along the a-axis decreases with increasing Pr deficiency. This indicates the 

enhanced oxygen transport along the a-axis with increasing Pr deficiency. The lower 

activation energies obtained from BVEL are mainly related to the shortened Oap-Oint 

distances and the increased vacancy concentrations at Oap sites. The oxygen transport 

via interstitialcy mechanism was described in the Introduction part of this thesis, the 

shortened Oap-Oint distances mainly increase the possibility of oxygen migration from 

Oap to Oint sites and the vacancies at Oap sites increase the possibility of oxygen 

migration from Oint to Oap sites.  

Using temperature programmed isotope exchange (TPIE) of oxides with C18O2 in a flow 

reactor, Sadykov et al. [113] presented experimental evidence of two oxygen migration 

channels (fast and slow) within a series of doped La2-xCaxNiO4+δ. According to Sadykov 

et al. [113], the fast oxygen migration channel corresponds to the Oap-Oint-Oap pathway, 

and the slow channel was assigned to the oxygen migration from perovskite layer to 

rock-salt layer near the dopant sites or the oxygen transport within the perovskite layers. 

The calculated oxygen tracer diffusion coefficient for diffusion via the fast channel is 

about 2 × 103 times larger than that via the slow channel. By tracing the isotopic oxygen 

ion concentration as a function of depth using the isotope exchange depth profiling 

technique (IEDP), Bassat et al. [114] found that oxygen migration in a single crystal 

Pr2NiO4+δ along the a-b plane is about 3 orders of magnitude higher than that along the 

c-axis direction. They reported that oxygen migration through the Pr2NiO4+δ occurs via 

an interstitialcy mechanism along the a-b plane and via a direct vacancy mechanism 

along the c-axis. The BVEL calculations show that the activation energies of oxygen 

migration along the c-axis decrease by Pr deficiencies in P2-xNO (Figure 4.20), even 

though the Oap-Oeq distances increase with Pr deficiency. The reduced activation 

energies along the c-axis are mainly ascribed to the oxygen vacancies at Oeq and Oap 
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sites. This indicates that oxygen vacancies enhance oxygen transport along the c-axis 

via the vacancy mechanism. The activation energies of oxygen migration along the c-

axis are about 1.0 eV higher than those along the a-axis, and the activation energies 

along the a-axis and the b-axis are roughly the same. This indicates that oxygen 

transport along the c-axis is much lower than that along the a-b plane. Even if oxygen 

transport along the c-axis is predicted to be enhanced by vacancies at Oeq and Oap sites 

in the A-site deficient structures, it is more reasonable to ascribe the increased oxygen 

transport performance of P2-xNO mainly to enhanced oxygen transport via an 

interstitialcy mechanism. To give a better insight of oxygen transports via an 

interstitialcy mechanism or a vacancy mechanism, IEDP experiments on single crystals 

of A-site deficient materials are needed. 

4.2.6 Summary 
In this section, we studied the crystal structure, oxygen transport performance and 

oxygen diffusion pathway of A-site deficient P2-xNO. We applied the Rietveld 

refinement of neutron and X-ray difraction data to study the crystal structure of P2-xNO 

from 6 K to 773 K. The diffraction data of P2-xNO from 6 K to 573 K are well refined 

with space group Fmmm, the diffraction data at 773 K are refined with space group 

F4/mmm. Pr deficiency generates the vacancies at Oeq and Oap sites and do not 

influence the Oint concentrations. The oxygen vacancy and interstitial concentrations 

obtained from the Rietveld refinements are in agreement with the results using TGA. Pr 

deficiency decreases the Oap-Oint distance and increases the Ni-Oap and Pr-Oint bond 

lengths. Oeq and Oap in P2-xNO have large ADPs due to their large static disorder. Pr 

deficiency partially decreases the static disorder at Oeq and Oap sites, but increases static 

disorder of Oint sites. The phase transition from LTO to HTT also decreases the static 

disorders at Oap and Oeq sites. 

ECR results revealed that the oxygen diffusion coefficient Dchem and surface exchange 

coefficient kchem increase with Pr deficiency. Using BVEL calculations, we visualized 

the low energy oxygen diffusion pathway Oap-Oint-Oap in the a-b plane of P2-xNO. The 

activation energy of oxygen diffusion along the c-axis is about 1.0 eV higher than that 

in the a-b plane. Pr deficiency and higher temperature decrease the activation energies 

of oxygen diffusion in both a-axis and c-axis.  

The nuclear density maps obtained from MEM were represented for P2-xNO at 313 K 

and 773 K. Pr deficiency increases the nuclear-density profiles of Oap along [1 1 0] and       
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[-1 1 0] directions. The nuclear densities of Oint at 773 K distribute to [1 1 0] and          

[-1 1 0] directions and are more disperse than those at 313 K. The bond strengths in    

P2-xNO were investigated by calculation of the electron-density maps using MEM. Pr 

deficiency decreases the strengths of the Ni-Oeq, Ni-Oap and Pr-Oint bonds. These results 

are consistent with those estimated using the BVS method. 

4.3 Local structure 

4.3.1 Room temperature EXAFS 
Figure 4.24a shows the k3-weighted Ni K-edge EXAFS signal of the P2-xNO samples 

measured at 298 K. The EXAFS signal is weighted by k3 to highlight the amplitude of 

oscillation at higher k region. The corresponding EXAFS signal becomes noisy at 

k > 11 Å-1, but a clear tendency of oscillation can still be observed. At k = 7-9 Å-1, the 

amplitude of oscillation decreases with increasing A-site deficiency, indicating a change 

in local structure with increasing A-site deficiency. The changes of local structure in 

real space are depicted in Figure 4.24b, which shows the magnitude of the Fourier 

Transform (FT) of the k3-weighted Ni K-edge EXAFS signals. The phase shifts caused 

by the back-scattering of photoelectrons are not taken into account in Figure 4.24b.  The 

peak at R ≈ 1.5 Å corresponds to the Ni-Oeq and Ni-Oap shells, the peaks at R ≈ 2.5 Å 

and R ≈ 3.3 Å correspond to the two Ni-Pr shells and the peak at R ≈ 3.7 Å is mainly 

related to the Ni-Ni shell and the second Ni-Oap shell. The peak intensity at R ≈ 1.5 Å 

decreases with increasing A-site deficiency, reflecting the increased vacancy 

concentration at Oeq and Oap sites with increasing A-site deficiency. The peak position 

appears to shift slightly towards smaller R-values with increasing A-site deficiency, 

indicating the decrease of average Ni-O bond length. With increasing A-site deficiency, 

the FT magnitude of the peak at R ≈ 2.5 Å (Ni-Pr shell) increases and the FT magnitude 

of the peak at R ≈ 3.3 Å (Ni-Pr shell) decreases. The related changes of the two peaks 

suggest a local lattice distortion around the Pr atoms to small R-values, and the amount 

of shifted Pr atoms increases with increasing A-site deficiency.   
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Figure 4.24: Ni K-edge EXAFS signals for P2-xNO at 298 K: (a) k3-weighted 

EXAFS signal in k-space, and (b) Fourier transform of k3-weighted EXAFS signal 

in R-space. 

The fit to the Ni K-edge EXAFS data of P2.0NO measured at 298 K is shown in 

Figure 4.25. The average crystal structure model obtained by combined Rietveld 

refinement of XRD/ND data fits the EXAFS data well (R-factor = 0.096%), the 

corresponding fit parameters are listed in Table A3.1. However, the fit to the Ni K-edge 

EXAFS data for P1.9NO and P1.8NO failed using the average crystal structure model 

from XRD/ND data, specifically the peaks at R ≈ 2.5 Å and R ≈ 3.3 Å could not be 

fitted properly, indicating deviations from the average crystal structure and the presence 

of local lattice distortions around the Pr vacancy in A-site deficient P2-xNO.  

We applied a point defect model containing a Pr vacancy at one of the rectangular 

corners of the crystal lattice, as illustrated in Figure 4.26. Due to the repelling force 
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between neighboring atoms, the Pr atoms located in the same a-b plane shift towards the 

Pr vacancy. The two neighboring Pr atoms positioned along the c-axis are not 

influenced by the Pr vacancy due to the presence of the perovskite layer between the 

two Pr layers. The possible influence of the shifted Pr onto the neighboring Oeq and Oap 

atoms was not taken into account in the defect model.  

 

 

Figure 4.25: Fourier transforms of the Ni K-edge EXAFS spectra for P2-xNO at 

298 K. Circle points indicate observed data, while full lines indicate data calculated 

from the refined models. The calculations were performed in the R range 1.1-5 Å. 

As a result of the relaxation of the two neighboring Pr atoms in the direction of the Pr 

vacancy, each Ni-Pr scattering path of photoelectrons splits into two paths: one path 

(Rshort(Ni-Pr)) from Ni towards Pr atoms in the distorted plane above Ni, and the other 

path (Rlong(Ni-Pr)) from Ni towards Pr atoms in the non-distorted plane below Ni. The 

coordination number (CN) of the Ni-Pr path in the distorted plane is calculated by 

𝑁total(Ni − Pr) × [1 − 4 × 𝑉Pr], and the CN of the Ni-Pr path in the non-distorted plane 

by 𝑁total(Ni − Pr) × [4 × 𝑉Pr]. Here 𝑁total(Ni − Pr) is the total CN of the Ni-Pr path 

(4.0 for P2.0NO, 3.88 for P1.9NO, and 3.78 for P1.8NO), and 𝑉Pr is the Pr vacancy 
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concentration (0 for P2.0NO, 3% for P1.9NO, and 5.5% for P1.8NO), as obtained from 

XRD/ND analysis.  

 

Figure 4.26: Schematic depiction of local environment around Ni atoms without Pr 

vacancy (left) and with Pr vacancy (right). Solid green lines indicate the atomic 

distance of Ni-Oeq, solid blue lines indicate the atomic distance of Ni-Oap. Dashed 

green lines indicate the atomic distance of Ni-Pr without Pr vacancy, dashed blue 

lines indicate the atomic distance of Ni-Pr between Ni and the shifted Pr atom. 

The Ni K-edge EXAFS spectra of P1.9NO and P1.8NO are well fitted by the structure 

model which takes into account Pr vacancies and local distortion of the crystal lattice in 

the a-b plane, as shown in Figure 4.25. The calculated FT magnitudes of the Ni-Pr paths 

for Pr atoms in the distorted and non-distorted plane are shown in Figure A3.3. The 

parameters obtained from fitting the EXAFS data for P1.9NO and P1.8NO are listed in 

Table A3.2 and Table A3.3. All error values of the fit parameters are within reasonable 

range [34]. For P1.9NO and P1.8NO, this local structure model contains two additional 

Ni-Pr paths to present the relaxed Pr atoms. The calculated atomic distance Rlong(Ni-Pr) 

is almost the same as the value calculated using the average structure model from 

XRD/ND analysis. The calculated atomic distance Rshort(Ni-Pr) is about 0.56-0.58 Å 

smaller than Rlong(Ni-Pr) (Table A3.2 and Table A3.3). The calculated angle θ for the 

VPr-Pr-Ni bond, as illustrated in Figure 4.26, is about 76 ± 2° for P1.9NO and 78 ± 2° 

for P1.8NO. This shows that the Pr atom in the defective plane shifts towards the Pr 

vacancy site. To further verify the amount of Pr atoms relaxed towards the Pr vacancy, 

we constrained the total CN of the Ni-Pr path to the values obtained from XRD/ND 

analysis, and refined the CN of the Ni-Pr paths for the distorted and non-distorted 

planes. The fit results are shown in Table A3.4 and Table A3.5. The calculated number 
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of Pr atoms which relaxed towards the vacancy is 2.9 ± 1.1 per Pr vacancy for P1.9NO 

and 3.2 ± 0.6 per Pr vacancy for P1.8NO. The number of the shifted Pr atoms deduced 

from the EXAFS measurements is smaller compared with the assumed ideal state. This 

discrepancy might be ascribed to the cluster/ordering of A-site deficiencies similar to 

the oxygen deficiencies reported in the literature [115, 116]. Roosmalen and Cordfunke 

[115] reported a cluster-defect model to describe the oxygen deficiency in perovskite-

type oxides. They described the cluster model as a building block of many defective 

perovskite-type phases such as LaMnO3-δ, La4Mn3O11 and La4Ni3O11. Crespin et al. 

[116] reported a defect model for La2-xSrxNiO4-y and found that the oxygen vacancies 

are highly ordered along the b-axis of the orthorhombic unit cell.  

The parameters of Ni-Oeq, Ni-Oap and Ni-Ni paths in P2-xNO are well fitted by the local 

structure model. The atomic distances are close to the values calculated using the 

average structure model from XRD/ND analysis (Table A3.1-Table A3.3). This implies 

that within experimental uncertainty the shifted Pr atoms have no influence on the 

positions of the neighboring Oeq, Oap and Ni atoms.  

The structural parameters for P1.8NO deduced from the combined XRD/ND and Ni K-

edge EXAFS results are compared in Table 4.9. The shift of Pr atoms towards their 

neighboring Pr vacancy cannot be detected from XRD/ND data. Ni K-edge EXAFS 

spectroscopy is therefore an essential complementary method in studying the A-site 

deficient P2-xNO structure.  

Table 4.9: Structure parameters from the Ni K-edge EXAFS and XRD/ND study 

of P1.8NO at RT. 

 EXAFSa  XRD/NDa 
Atom R(Ni-M)  

(Å)  
Ndegen  
(-) 

DW factor 
(Å2) 

 R(Ni-M) 
 (Å)  

Ndegen  
(-) 

U11  
(Å2) 

U22  
(Å2) 

U33  
(Å2) 

Oeq 1.930(6) 3.80 0.008(1)  1.917(1) 3.80(2) 0.006(1) 0.009(1) 0.039(2) 
Oap 2.147(16) 1.88 0.009(1)  2.154(1) 1.88(1) 0.127(5) 0.072(3) 0.010(2) 
Pr 3.220(19) 3.08(14)b 0.017(2)  3.216(1) 3.78(3) 0.013(1) 0.009(1) 0.008(1) 
 2.635(6) 0.70(14)b 0.009(1)       
Pr 3.247(19) 3.08(14)b 0.017(2)  3.244(1) 3.78(3) 0.013(1) 0.009(1) 0.008(1) 
 2.662(6) 0.70(14)b 0.009(1)       
Ni 3.845(8) 4 0.011(1)  3.836(1) 4 0.006(1) 0.009(1) 0.039(2) 

a Data of EXAFS and XRD/ND were collected at 298 K and 313 K, respectively. 
b Total CN fixed at 3.78 for each pair of Ni-Pr shell.  
 

Taking account of the directional distribution between the central Ni and the 

neighboring atoms (Figure A3.4), the Debye-Waller (DW) factors σ2 obtained from 

EXAFS analysis of P2-xNO are consistent with anisotropic atomic displacement 
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parameters (ADP) Uij obtained from XRD/ND analysis (Table 4.9). As the Oeq atoms are 

distributed in the same a-b plane as Ni, this means that the DW factor for Ni-Oeq path 

(0.008(1) Å2) deduced from EXAFS data is comparable with the U11 (0.006(1) Å2) and 

U22 (0.009(1) Å2) of Oeq from XRD/ND data. The ADP of Oap shows strong anisotropic 

character with U11 > U22 >> U33 (Table 4.9). The results from XRD/ND and EXAFS, 

U33 = 0.010(2) Å2 and σ2 = 0.009(1) Å2 are still consistent.  

For the Ni-Pr path with shifted Pr atoms, the value of σ2 (0.017(1) Å2) is almost twice as 

large as that for non-shifted Pr atoms (0.009(1) Å2). The small DW factor for the Ni-Pr 

path with non-shifted Pr atoms may be due to the decreased atomic distances between 

the shifted Pr atom and its neighboring atoms (Figure 4.26). The average DW factor for 

Ni-Pr paths of P1.8NO at 298 K determined by EXAFS is 0.015(2) Å2, which is slightly 

larger than the values of U11 (0.013(1) Å2) and U22 (0.009(1) Å2) for Pr deduced from 

XRD/ND data. The EXAFS DW factor for Ni-Ni path of P1.8NO is 0.011(1) Å2, which 

is larger than U11 (0.006(1) Å2) and U22 (0.009(1) Å2) of Ni obtained by XRD/ND. The 

DW factor obtained from EXAFS refers to the distance variance between two atoms, 

while the APDs obtained from X-ray and neutron diffraction are the position variance of 

an atom relative to its mean position in the lattice [34]. The larger value of the mean 

square relative displacement (MSRD) for the Ni-Pr path and the Ni-Ni path obtained by 

EXAFS compared with the ADP of Pr or Ni in the directions of the corresponding paths 

indicates the relatively independent movement between cations.  

The Ni-Oeq-Ni bond angle in P2-xNO, as probed by EXAFS, can be used to reflect the 

interaction of the neighboring NiO6 octahedron. In our XRD/ND study, we assumed the 

Ni-Oeq-Ni angle as 180° based on the average crystal structure with space group Fmmm. 

Due to the disorder of Oeq in the plane perpendicular to the Ni-Ni direction [117](see 

schematic depiction in Figure A3.5), the Ni-Oeq-Ni angle determined by EXAFS should 

always be smaller than 180°. Based on the Ni-Ni and Ni-Oeq interatomic distances from 

the fitting results of Ni K-edge EXAFS spectra measured at 298 K, the calculated values 

of the Ni-Oeq-Ni angle are 175(1)° for P2.0NO, 170(1)° for P1.9NO and 171(1)° for 

P1.8NO. The Ni-Oeq-Ni angle of P2.0NO is larger than those of P1.9NO and P1.8NO. 

This suggests that the tilting of NiO6 octahedra due to the disorder of Oeq increases with 

increasing A-site deficiency. Aspera et al. [118] studied the structure of Pr2NiO4 

through first-principles calculations and obtained the information about the tilting of 

NiO6 by analyzing the Ni-Oeq-Ni angle. Their reported value of Ni-Oeq-Ni angle is 
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167.51°. The different values obtained by Aspera et al. [118] and the present study may 

be ascribed to the different interstitial oxygen contents in the samples. 

4.3.2 Low temperature EXAFS 

 

Figure 4.27: Ni K-edge EXAFS signals for P2-xNO at 20 K: (a) k3-weighted 

EXAFS signal in k-space, and (b) Fourier transform of k3-weighted EXAFS signal 

in R-space. The dashed lines indicate data measured at 298 K for comparison.   

To extract information from EXAFS about the contribution of static and thermal 

disorder to the total DW factor and about the interatomic correlations in A-site deficient 

P2-xNO, and to make sure the EXAFS fit did not introduce any artifact [34], we studied 

the Ni K-edge EXAFS spectra of P2-xNO measured at 20 K. The FT of the k3-weighted 

Ni K-edge EXAFS signal is shown in Figure 4.27a. The oscillation amplitude of the 

EXAFS signal increases with decreasing temperature due to the decreased contribution 
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of thermal vibrations to the total disorder. The data measured at 20 K are therefore, less 

noisy than the data measured at 298 K, especially at k > 11 Å. 

Figure 4.27b shows the FT magnitude of the k3-weighted Ni K-edge EXAFS signal in 

R-space. The intensity of the peak at R ≈ 1.5 Å increases slightly as the temperature 

decreases from 298 K to 20 K. This indicates the strong correlation of Ni with the 

neighboring Oeq and Oap atoms in P2-xNO materials [117], and the static disorder of Oeq 

and Oap contribute significantly to the DW factor for Ni-Oeq and Ni-Oap paths in the 

studied temperature range while the dynamic disorder by thermal vibrations is relatively 

small. The peak intensities at R ≈ 2.5 Å and R ≈ 3.3 Å almost increase by a factor of two 

upon decreasing the temperature from 298 K to 20 K. This implies that the correlation 

between Ni and Pr atoms is weak, and the thermal disorder term could considerably 

contribute to the DW factor for Ni-Pr paths. The pronounced increase in peak intensity 

at R ≈ 3.7 Å with decreasing temperature is mainly ascribed to the change of MSRD for 

the Ni-Ni path but not by the change of MSRD for the Ni-Oap path. When decreasing 

the temperature from 298 K to 20 K, the peaks shift to lower R-values, due to thermal 

contraction. 

Figure 4.28 shows the Ni K-edge EXAFS data of P2-xNO measured at 20 K along with 

the fits to the data. The structure model based on the diffraction data for P2.0NO fits 

well to the EXAFS data (R-factor = 0.166%) of P2.0NO, while the modified local 

structure model fits well to the data of P1.8NO (R-factor = 0.159%). The fit parameters 

are listed in Table A3.6 and Table A3.7. The atomic distances obtained from the fitting 

of the EXAFS data measured at 298 K and 20 K yield close values. The DW factors for 

the Ni-Oeq and Ni-Oap paths are almost temperature independent (Table A3.1, 

Table A3.3, Table A3.6 and Table A3.7). These results are consistent with our previous 

results in Chapter 4.2 obtained by combined X-ray and neutron diffraction, where the 

static disorder terms were found to dominantly contribute to the ADP of Oeq and Oap 

below room temperature. Interestingly, the DW factor for the non-relaxed Ni-Pr path of 

P1.8NO decreases from 0.016(2) Å2 at 298 K to 0.008(1) Å2 at 20 K, while that of the 

relaxed Ni-Pr path is almost temperature independent with the DW factor values 

0.009(1) Å2 at 298 K and 0.008(1) Å2 at 20 K (Tabs. Table A3.3 and Table A3.7). This 

implies that both thermal and static terms contribute to the DW factor for the Ni-Pr path 

with non-relaxed Pr atoms, while that for the Ni-Pr path with relaxed Pr atoms is 

dominated by the static term. The DW factor for Ni-Ni path decreases from 0.011(1) Å2 
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at 298 K to 0.008(1) Å2 at 20 K, which seems to be slightly temperature dependent, 

indicating a weak correction between Ni atoms. 

 

Figure 4.28: Fourier transforms of Ni K-edge EXAFS spectra for P2-xNO at 20 K. 

Circle points indicate observed data, while full lines indicate data calculated from 

the refined models. The calculations were performed in the R range 1.1-5 Å.   

4.3.3 Summary 
The analysis of Ni K-edge EXAFS spectra shows that the Pr deficiency in P2-xNO 

leads to deviations from the average crystal structure in the Pr vacancy containing a-b 

plane. The relaxation of Pr atoms adjacent to the Pr vacancy in the a-b plane leads to 

local distortion of the crystal lattice and is described by a point defect model for the A-

site deficient K2NiF4-type structure. The Ni-Pr path calculated from the average 

structure model using XRD/ND splits into two paths in the local structure model: the 

regular Ni-Pr path and the Ni-Pr path containing the relaxed Pr atom in the defective a-b 

plane. The Ni K-edge EXAFS data of P2-xNO can be fitted well by this local structure 

model. The concentration of the shifted Pr atoms is found four times smaller than the Pr 

vacancy concentration, probably due to the clustering/ordering of the Pr defects. Low 

temperature Ni K-edge EXAFS spectra measured at 20 K reveal that the static disorder 

dominates the disorder of equatorial and apical oxygens in the NiO6 octahedra, in 

agreement with our previous XRD/ND results. The thermal disorder contributes 

significantly to the disorder of Pr and Ni atoms. 
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4.4 Oxidation states of cations 

4.4.1 Oxygen content  

 

Figure 4.29: Total oxygen contents (4+δ) of samples P2-xNO in various 

temperatures and oxygen partial pressures from TGA.  

Figure 4.29 shows the temperature and oxygen partial pressure dependence of the total 

oxygen content (4+δ) in P2-xNO. At all investigated temperatures and oxygen partial 

pressures, A-site deficiency leads to the decrease of (4+δ), due to the increased vacancy 

concentrations at the apical and equatorial oxygen sites as obtained from the XRD/ND 

analysis. At 773 K, P1.8NO is oxygen defective with δ < 0. The total oxygen content of 

all P2-xNO samples progressively increase with increasing oxygen partial pressure; the 

increased oxygen contents among all P2-xNO samples are close. Upon cooling to 

573 K, all P2-xNO samples gain oxygen and exhibit oxygen hyperstoichiometry. The 

total oxygen content (4+δ) varies more by increasing the A-site deficiency than that by 

the oxygen partial pressure. This increased variation by A-site deficiency is found to be 

in good agreement with the results obtained from the combined Rietveld refinement of 

XRD/ND data in Chapter 4.2. 
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4.4.2 Oxidation state of Ni 

 

Figure 4.30: Normalized Ni K-edge XANES spectra of original P2-xNO prepared 

in the air and oxygen-stoichiometric P2-xNO reduced in 3%H2/Ar atmosphere. 

Spectra were measured at RT in ambient atmosphere. The oxygen-stoichiometric 

P2-xNO was abbreviated as Stoi. P2-xNO in the figure.   

The ex-situ XANES spectra at the Ni K-edge of the P2-xNO samples and the reference 

compounds are displayed in Figure 4.30. The absorption edge has a broad and smooth 

white line with a first pronounced maximum at 8350 eV corresponding to the 1s → 4p 

transition [71]. The Ni K-edge position in this study is obtained from the half-maximum 

of absorption [119, 120]. O’Grady et al. [119] reported a linear relationship between the 

Ni oxidation state and the K-edge position for several reference compounds using half-

maximum of absorption as K-edge position. Since the spectra of reference compounds 

and P2-xNO are quite different from each other, we did not choose the top of the white 

line as edge position in agreement with literature [34]. The inset clearly shows that the 

absorption edges of the original P2-xNO samples lie between the reference compounds 

NiO (Ni2+) and LiNiO2 (Ni3+). This indicates that the average oxidation states of Ni in 

the original P2-xNO samples are between +2 and +3. No clear tendency of edge shift 

was observed as a function of A-site deficiency. The absorption edge of the oxygen-

stoichiometric P2-xNO samples shift to lower energies compared with that of the 

original P2-xNO samples. The Ni K-edge XANES spectra of all three oxygen-

stoichiometric samples overlap with the spectra of NiO at the edge position. This 
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implies that the average oxidation states of Ni in the oxygen-stoichiometric P2-xNO 

samples are very close to +2, and A-site deficiency does not influence the oxidation 

state of Ni.  

The Ni oxidation state of the P2-xNO samples was also deduced by taking the Ni K-

edge position derived from first-derivative data (Table A3.8) [121]. The same 

conclusion concerning the Ni oxidation state can be drawn from the results of the two 

methods in defining the Ni K-edge position: the average oxidation state of Ni in original 

P2-xNO is between +2 and +3, while the average oxidation state of Ni in oxygen-

stoichiometric P2-xNO is close to +2. Woolley et al. [121] derived the Ni K-edge 

position from the first-derivative of the absorption edge and obtained a non-linear 

relationship between the Ni oxidation state and the K-edge position. The edge position 

of 8345.2 ± 0.2 eV for the reference compound NiO (Ni2+) reported by Woolley et al. 

[121] is in agreement with the value 8345.5 ± 0.2 eV found in the present study. 

 

Figure 4.31: Normalized Ni K-edge XANES spectra of P2.0NO as functions of (a) 

temperature measured at pO2 = 0.21 bar, (b) oxygen partial pressure measured at 

T = 773 K.   

The in-situ XANES spectra at the Ni K-edge of as-prepared P2.0NO measured at 

pO2 = 0.2 bar for different temperatures and measured at T = 773 K for different oxygen 

partial pressures are plotted in Figure 4.31a and Figure 4.31b, respectively. Upon 

cooling from 813 K to 473 K, the inset in Figure 4.31a clearly shows a systematic shift 

of the absorption energy to higher values, implying an increase of the Ni oxidation state. 

The inset in Figure 4.31b shows that the absorption edge shifts to higher energies with 
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increasing oxygen partial pressure, indicating that the average oxidation state of Ni in 

P2.0NO increases with increasing oxygen partial pressure. This increase in the 

oxidation state of Ni is ascribed to the increase of oxygen content with increasing 

oxygen partial pressure (Figure 4.29). 

Table 4.10 shows the average oxidation state of Ni in the P2-xNO samples estimated by 

various methods. The oxidation state of Ni was calculated by use of the total oxygen 

content (4+δ) obtained from TGA assuming Pr and O in P2-xNO to be Pr3+ and O2-, 

respectively. The oxidation state of Ni was also determined by use of the edge position 

derived from the half-maximum of absorption in the Ni K-edge XANES spectra. In 

addition, the bond valence sum (BVS) approach was applied to evaluate the average 

oxidation state of Ni using the bond-lengths from both EXAFS and XRD/ND. The 

average oxidation states of Ni calculated by TGA, XANES, and BVS of EXAFS data 

are consistent with each other. The values calculated by BVS of XRD/ND data are 

slightly higher than those by BVS of EXAFS data. This is ascribed to the shift of 

oxygen atoms from their average positions (Figure A3.5). The average bond length of 

Ni-Oeq determined by EXAFS is larger than the bond length determined by XRD/ND 

using the average positions of Ni and Oeq. 

Table 4.10: Ni oxidation states of P2-xNO estimated from TGA, Ni K-edge XAS 

and XRD/ND study. 

Species 
Ni oxidation 
state estimated 
from TGA 

Ni oxidation 
state estimated 
from XANESa 

Ni oxidation 
state estimated 
from EXAFSa  

Ni oxidation 
state estimated 
from XRD/ND

a
 

P2.0NO 2.48(4) 2.4(2) 2.38(5) 2.61(1) 
P1.9NO 2.52(4) 2.4(2) 2.43(5) - 

P1.8NO 2.41(4) 2.4(2) 2.40(5) 2.45(1) 

a Data of XANES/EXAFS were collected at 298 K and data of XRD/ND were collected 

at 313 K. 
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4.4.3 Oxidation state of Pr 

 

Figure 4.32: Normalized Pr L3-edge XANES spectra of original P2-xNO prepared 

in air and oxygen-stoichiometric P2-xNO reduced in 3% H2/Ar atmosphere. 

Spectra were measured at RT in ambient atmosphere. The oxygen-stoichiometric 

P2-xNO was abbreviated as Stoi. P2-xNO in the figure. 

The ex-situ XANES spectra measured at the Pr L3-edge of the P2-xNO samples along 

with the reference compounds are shown in Figure 4.32. The Pr L3-edge XANES 

spectra reveal strong white lines originating from the 2p3/2 → 5d transition [122]. 

Trivalent Pr exhibits only one single peak located at around 5970 eV, while tetravalent 

Pr reveals two peaks: the first peak at around 5974 eV and the second peak at around 

5982 eV [123]. As shown in Figure 4.32, the Pr L3-edge XANES spectrum of Pr2O3 

(Pr3+) reveals only one single peak, while the spectrum of Pr6O11 (Pr3+/Pr4+) reveals two 

peaks. The 1st peak in the spectrum of Pr6O11 is mainly supported by the 4f2 L (Pr3+) 

configuration and the 2nd peak by the 4f1 (Pr4+) configuration. Within the experimental 

uncertainty, the 2nd peaks of the original and oxygen-stoichiometric P2-xNO samples 

are indistinguishable, indicating that the oxidation state of praseodymium ions for both 

states is approximately +3. The A-site deficiency and the presence of interstitial oxygen 

ions in P2-xNO have no evident impact on the oxidation state of Pr. 
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Figure 4.33: Normalized Pr L3-edge XANES spectra of P2.0NO as functions of (a) 

temperature measured at pO2 = 0.21 bar, (b) oxygen partial pressure measured at 

T = 773 K. 

The in-situ XANES spectra at the Pr L3-edge as functions of T and pO2 are shown in 

Figure 4.33. For the original P2.0NO sample, the inset in Fig. 10a shows that there is no 

2nd peak upon cooling from 813 K to 473 K. There is also no 2nd peak in the spectra 

measured at the oxygen partial pressures in the range from 10-5 bar to 1 bar. These 

results reveal that Pr4+ is not present in P2.0NO in the studied regions of T and pO2. 

4.4.4 Charge compensation 
Using the Kröger-Vink notation the electroneutrality condition of the P2-xNO materials 

can be expressed as:  

𝟑[𝐕𝐏𝐏′′′] + 𝟐[𝐎𝐢𝐢𝐢
′′ ] = �𝐏𝐏𝐏𝐏

  •�  + �𝐍𝐢𝐍𝐢
  • �  + 𝟐[𝐕𝐎••]              (4.8) 

where [VPr′′′] is the Pr vacancy concentration, [Oint
′′ ] the interstitial oxygen concentration, 

�PrPr
  • �  the electron hole concentration localized near Pr4+ ions, �NiNi

  • � the electron hole 

concentration localized at Ni3+ ions, and [VO••] the oxygen vacancy concentration in the 

perovskite layer [124].  

The Rietveld refinement results of diffraction data show that Pr deficiency leads to the 

increase of [VPr′′′] and [VO••], with almost no change in [Oint
′′ ]. As obtained from the Ni K-

edge and Pr L3-edge XANES spectra, the oxidation states of Pr and Ni do not change 
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with Pr deficiency. This implies that there is no change in �PrPr
  • � and �NiNi

  • �. We expect 

that the charge compensation of Pr deficiency in P2-xNO is mainly related to the 

oxygen vacancies in the Oeq and Oap sites. Figure 4.34 shows the relationship between 

the Pr vacancy concentration and the oxygen vacancy concentration at the Oeq and Oap 

sites for P2-xNO. The approximately linear relation between the oxygen vacancy 

concentration and the Pr deficiency suggests that the negative charges generated by Pr 

deficiency can be neutralized by the positive charges generated by the vacancies at Oeq 

and Oap sites. 

 

Figure 4.34: Relationship between the oxygen vacancy concentration and the Pr 

deficiency concentration. 

4.4.5 Summary 
The TGA results show that the total oxygen content (4+δ) in P2-xNO increases when 

decreasing the temperature from 773 K to 573 K, and by increasing the oxygen partial 

pressure from 0.02 bar to 0.92 bar. The results of the in-situ XANES analysis reveal that 

the average oxidation state of Ni is not influenced by A-site deficiency but changes with 

temperature and oxygen partial pressure, and the oxidation state of Pr is constant at +3. 

The average oxidation states of Ni evaluated by TGA, Ni K-edge XANES and BVS of 

Ni K-edge EXAFS agree with each other, and are found to be strongly related with the 

interstitial oxygen contents. The charge compensation of Pr deficiency is supposed to be 

mainly related to the oxygen vacancies at Oeq and Oap sites. 
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5 CONCLUSIONS 

 
We studied the influence of A-site deficiency of Pr2-xNiO4+δ (P2-xNO) on the LTO-to-

HTT phase transition behaviour and thermal decomposition by high-temperature XRD. 

The chemical composition of the samples was determined by EPMA, TGA and ND, 

showing for P1.9NO and P1.8NO smaller Pr/Ni ratios than the corresponding nominal 

values. Data of neutron diffraction and thermogravimetric analysis reveals that Pr 

deficiency causes the generation of lattice oxygen vacancies on equatorial and apical 

sites but does not influence the concentration of interstitial oxygen. High-temperature 

X-ray diffraction shows for all materials a reversible orthorhombic-to-tetragonal phase 

transition with negligible hysteresis in the range ~400 - 450 °C, reducing tilting and 

twisting of the NiO6 octahedra. Thermal decomposition of the materials to Pr4-zNi3O10-y 

and Pr6O11 occurs in the temperature range 580 - 800 °C. The associated activation 

energy based on first order reaction kinetics is found to lie in the range 166 -

 221 kJ/mol.  

To understand the correlation between oxygen diffusion and A-site deficiency of P2-

xNO, we studied the average structure of P2-xNO with joint neutron and X-ray powder 

diffraction refinement, maximum entropy calculation and bond-valence energy 

landscape analysis. It is found from electrical conductivity relaxation experiments that 

the oxygen diffusion coefficient Dchem and surface exchange coefficient kchem increase 

with increasing A-site deficiency. Rietveld refinement shows that A-site deficiency 

generates vacancies at equatorial and apical oxygen sites, and shifts the apical oxygen 

atoms slightly to the rock-salt layer. The concentration of interstitial oxygen is not 
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influenced by A-site deficiency, but the static disorder at interstitial oxygen sites 

increases. Oxygen ions migrate along the diffusion pathway Oap-Oint-Oap via an 

interstitialcy mechanism as visualized using the bond-valence energy landscape maps. 

A-site deficiency decreases the activation energy of oxygen migration. The enhanced 

oxygen diffusion by A-site deficiency is mainly ascribed to the shortened distance 

between apical and interstitial oxygen ions and to the vacancies at apical oxygen sites. 

The nuclear density distributions of apical and interstitial oxygen ions are strongly 

affected by Pr deficiency and temperature. At 773 K, the maximum nuclear density of 

interstitial oxygen in P1.8NO is smaller than in P2.0NO.  

The local lattice structure and oxidation states of cations of P2-xNO were studied by 

means of in-situ X-ray absorption spectroscopy. Extended X-ray absorption fine 

structure measured at 298 K and 20 K at the Ni K-edge show that Pr vacancies in Pr2-

xNiO4+δ induce local distortion around the Pr vacancies accompanied by relaxation of 

certain Pr atoms towards the vacancy. The static disorder of equatorial and apical 

oxygens in NiO6 octrahedra dominates the total disorder.  

X-ray absorption near-edge structure spectra at the Ni K-edge and the Pr L3-edge were 

measured in-situ at 298 K ≤ T ≤ 813 K (pO2 = 0.21 bar) and at 10-5 bar ≤ pO2 ≤ 1.0 bar 

(T = 298 K).  Upon cooling or increasing the oxygen partial pressure, the Ni K-

absorption edge shifted to higher energy indicating an increase of the Ni oxidation state. 

The Ni oxidation states of P2-xNO at room temperature determined from Ni K 

absorption edge are in agreement with the values estimated by thermogravimetric 

analysis and the bond-valence approach. X-ray absorption near edge spectra measured 

at the Pr L3-edge reveal that Pr ions are in the +3 oxidation state at all investigated 

temperatures and oxygen partial pressures. The charge compensation of Pr deficiency 

could be assigned to the vacancies at equatorial and apical oxygen sites. 
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6 OUTLOOK 

This study indicated that the layered Ruddlesden-Popper structure materials Pr2-xNiO4+δ 

exhibit interesting oxygen permeating, structural and electrical properties at low 

temperature SOFC cathode material. The A-site deficient Pr2-xNiO4+δ materials show 

enhanced oxygen surface exchange and bulk diffusion properties due to the formation of 

vacancies in the apical and equatorial oxygen sites. Unfortunately, decomposition of 

Pr2-xNiO4+δ occurs at above 580 °C, thus restricting some applications. It is important to 

find solutions to enhance thermal stability while preserving fast oxygen transport 

kinetics of these materials. Doping of elements at A-site or B-site of Pr2-xNiO4+δ 

materials might be an effective solution for the stability problem. Such studies are now 

being conducted.  

In this study, we investigated the influence of A-site deficiency and temperature on the 

phase transition and decomposition of Pr2-xNiO4+δ materials. TGA results showed that 

the oxygen content of the materials changed with oxygen partial pressure. A clear vision 

of the influence of oxygen partial pressure on the thermal stability would be important 

for the practical application of Pr2-xNiO4+δ as low temperature SOFC cathode materials. 

The data of in-situ XRD, ND and XAS experiments as a function of oxygen partial 

pressure are being analysed.  

The high interstitial oxygen content appears to be important in achieving high oxygen 

transport properties of Pr2-xNiO4+δ. The disorder of the interstitial oxygen has been 

studied by in-situ XRD and ND from the viewpoint of the average structure and is 

found to increase with increasing A-site deficiency. Due to the short-range ordered 

distribution of interstitial oxygen atoms, it would be interesting to study the influence of 
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interstitial oxygen on the local structure of Pr2-xNiO4+δ by EXAFS at the Ni K-edge and 

Pr L3-edge. EXAFS studies of stoichiometric Pr2-xNiO4 are under consideration.  

From the ND studies, we found that the apical oxygen and the equatorial oxygen show 

large atomic disorder at room temperature due to their large static disorder. But the 

large error bar of the atomic displacement parameters obtained using ND reduce the 

reliability of the results. It would be meaningful to verify the results of atomic disorder 

from an in-situ EXAFS analysis within the full temperature range (20-773 K). The 

related experiments are in preparation.   
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APPENDIX 1 PHASE EVOLUTION WITH TEMPERATURE 
Table A1.1: Structural data of P2.0NO from Rietveld refinements of powder ND 

data in space groups Bmab and P12/n1. The numbers in parentheses denote 

standard deviations in units of the least significant digits.  

Atom x/a 

(-) 

y/b 

(-) 

z/c 

(-) 

U11 

(Å2) 

U22 

(Å2) 

U33 

(Å2) 

Occ 

(-) 

Bmab*1      
Pr 0 0.0047(5) 0.3608(3) 0.017(1)   1 
Ni 0 0 0 0.005(2) 0.005(2) 0.012(2) 1 
Oeq 0.25 0.25 0.0038(2) 0.002(2) 0.005(2) 0.044(3)  1 
Oap 0 -0.0123(7) 0.1738(3) 0.54(3) 0.113(5) 0.014(3) 1 
Oint 0.25 0.25 0.2335(3) 0.018(7)   0.12 
        
P12/n1*2      
Pr -0.004(1) 0 0.3618(5) 0.022(1)   1 
Ni 0 0 0 0.005(2) 0.005(2) 0.013(2) 1 
Oeq,1 0 0.5 0 0.006(5) 0.003(3) 0.026(11) 1 
Oeq,2 0 0.5 0.5 0.003(6) 0.003(3) 0.069(15) 1 
Oap -0.004(2) 0 0.1732(4) 0.053(4) 0.047(4) 0.010(3) 1 
Oint 0 0.5 0.25 0.038(9)   0.12 
*1 a = 5.3966(2) Å, b = 5.4558(3) Å, c = 12.4424(5) Å.  

Rwp = 2.39%, Rp = 1.85%, Rexp = 2.01%, RBragg = 0.58%, GOF = 1.19.  

*2 a = 5.4557(3) Å, b = 3.8372(6) Å, c = 12.4425(6) Å, gamma = 44.69(1)°.  

Rwp = 2.63%, Rp = 2.04%, Rexp = 2.00%, RBragg = 1.03%, GOF = 1.31. 
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Figure A1.1: Rietveld-refined diffraction patterns of P1.9NO at 25 °C in air: (a) 

XRD data, mass fraction ωP1.9NO = 98.5 ± 0.4 wt%, ωPr6O11 = 0.2 ± 0.1 wt%, ωNiO 

= 1.3 ± 0.3 wt%. (b) ND data, mass fraction ωP1.9NO = 95.4 ± 0.2 wt%, ωPr6O11 

= 3.2 ± 0.1 wt%, ωNiO = 1.4 ± 0.1 wt%.  The P1.9NO main phase was fitted in space 

group Fmmm. Pr6O11 and NiO secondary phases were fitted in space group Fm-

3m. 

(a)

(b)
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Figure A1.2: Rietveld-refined diffraction patterns of P1.8NO at 25 °C in air: (a) 

XRD data, mass fraction ωP1.8NO = 96.7(3) wt%, ωPr6O11 = 0.3(0) wt%, ωNiO = 3.0(3) 

wt%. (b) ND data, mass fraction ωP1.8NO = 92.3(1) wt%, ωPr6O11 = 4.6(1) wt%, ωNiO 

= 3.1(0) wt%. The P1.8NO main phase was fitted in space group Fmmm. Pr6O11 

and NiO secondary phases were fitted in space group Fm-3m.  

(a)

(b)
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Figure A1.3: (a) Weight loss as a function of temperature determined by TGA of 

as-prepared P1.8NO and dried P1.8NO under 3% H2/Ar; (b) the first-derivative 

curve of weight as a function of temperature for as-prepared P1.8NO. 

(b)

(a)
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Figure A1.4: High-temperature XRD patterns of P2-xNO in air. Figures (a), (c) 

and (e) show typical XRD patterns recorded in the range 40 - 500 °C. These 

patterns were recorded immediately after reaching the indicated temperatures. 

Figures (b), (d) and (f) show XRD patterns recorded after different dwell times at 

the distinct temperatures. 

 

 

(a) (b)

(c) (d)

(e) (f)
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Figure A1.5: ln(I(t))/I0 as a function of time for P2.0NO at (a) 580, 600 and 650 °C, 

and (b) at 700, 750 and 800 °C. 

 

 

 

(a)

(b)
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APPENDIX 2 AVERAGE CRYSTAL STRUCTURE 
Table A2.1: P2-xNO structure data obtained from the joint Rietveld refinement of 

powder X-ray and neutron diffraction data at 573 K. P2-xNO main phases were 

fitted with space group Fmmm. Uij in Å2. 

Atom x/a y/b z/c U11 U22 U33 U12 Occ 
P2.0NO a 
Pr 0 0 0.35840(6) 0.0147(6) 0.0127(6) 0.0112(4)  0.999(1) 
Ni 0 0 0 0.0076(8) 0.0071(9) 0.019(1)  1 
Oeq 0.25 0.25 0 0.009(1) 0.010(1) 0.051(1)  -.0002(7) 1.004(3) 
Oap 0 0 0.1722(2) 0.134(4) 0.081(3) 0.023(2) -0.035(3) 1.001(4) 
Oint 0.25 0.25 0.25 0.027(4)    0.119(3) 
         
P1.9NO b 
Pr 0 0 0.35894(6) 0.0144(6) 0.0115(6) 0.0110(4)  0.971(1) 
Ni 0 0 0 0.0030(8) 0.011(1) 0.027(1)  1 
Oeq 0.25 0.25 0 0.022(2) 0.012(1) 0.052(2)  -

0.0002(8) 
0.982(3) 

Oap 0 0 0.1726(3) 0.152(5) 0.097(3) 0.010(2) -0.054(4) 0.974(3) 
Oint 0.25 0.25 0.25 0.021(4)    0.121(3) 
         
P1.8NO c 
Pr 0 0 0.35902(7) 0.0158(7) 0.0133(6) 0.0121(4)  0.946(1) 
Ni 0 0 0 0.009(1) 0.009(1) 0.033(1)  1 
Oeq 0.25 0.25 0 0.013(2) 0.012(2) 0.050(2)  -0.001(1) 0.949(4) 
Oap 0 0 0.1729(3) 0.149(6) 0.087(4) 0.013(3) -0.044(5) 0.943(4) 
Oint 0.25 0.25 0.25 0.035(7)    0.124(4) 
a P2.0NO. Unit cell parameters from XRD data: a = 5.4721(1) Å, b = 5.4095(1) Å, 
c = 12.5077(2) Å. Rwp = 2.82%, Rp = 2.09%, Rexp = 1.74%, RBragg (XRD) = 0.66%, 
RBragg (ND) = 1.48%, GOF = 1.62. 

 b P1.9NO. Unit cell parameters from XRD data: a = 5.4718(1) Å, b = 5.4078(1) Å, c = 
12.5091(3) Å. Rwp = 2.38%, Rp = 1.82%, Rexp = 1.77%, RBragg (XRD) = 0.40%, RBragg 
(ND) = 1.41%, GOF = 1.34. 
c P1.8NO. Unit cell parameters from XRD data: a = 5.4544(1) Å, b = 5.4549(1) Å, c = 
12.5471(2) Å. Rwp = 3.18%, Rp = 2.24%, Rexp = 1.69%, RBragg (XRD) = 0.56%, RBragg 
(ND) = 1.72%, GOF = 1.88. 



Chapter 8: Appendices 

   99 

Table A2.2: P2-xNO structure data obtained from the joint Rietveld refinement of 

powder X-ray and neutron diffraction data at 313 K. P2-xNO main phases were 

fitted with space group Fmmm. Uij in Å2. 

Atom x/a y/b z/c U11 U22 U33 U12 Occ 
P2.0NO a 
Pr 0 0 0.35844(6) 0.0107(5) 0.0087(5) 0.0074(3)  1.000(1) 
Ni 0 0 0 0.0041(6) 0.0057(9) 0.0123(9)  1 
Oeq 0.25 0.25 0 0.009(1) 0.008(1) 0.045(1)  0.001(1) 1.003(3) 
Oap 0 0 0.1720(2) 0.125(4) 0.072(3) 0.019(2) -.035(3) 1.001(4) 
Oint 0.25 0.25 0.25 0.021(4)    0.120(3) 
         
P1.8NO b 
Pr 0 0 0.35912(6) 0.0127(6) 0.0093(6) 0.0083(4)  0.947(1) 
Ni 0 0 0 0.006(1) 0.009(1) 0.039(2)  1 
Oeq 0.25 0.25 0 0.006(1) 0.009(1) 0.039(2)  0.002(1) 0.948(4) 
Oap 0 0 0.1730(3) 0.127(5) 0.072(3) 0.010(2) -.029(4) 0.939(4) 
Oint 0.25 0.25 0.25 0.018(4)    0.122(4) 
a P2.0NO. Unit cell parameters from XRD data: a = 5.4556(1) Å, b = 5.3915(1) Å, c = 
12.4489(2) Å. Rwp = 2.97%, Rp = 2.17%, Rexp = 1.81%, RBragg (XRD) = 0.66%, RBragg 
(ND) = 1.48%, GOF = 1.64. 

 b P1.8NO. Unit cell parameters from XRD data: a = 5.4597(2) Å, b = 5.3886(2) Å, c = 
12.4519(7) Å. Rwp = 3.21%, Rp = 2.27%, Rexp = 1.73%, RBragg (XRD) = 0.58%, RBragg 
(ND) = 1.81%, GOF = 1.85. 
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Table A2.3: P2.0NO structure data at 298 K, 130 K and 60 K, obtained from the 

Rietveld refinement of powder neutron diffraction data. Data were fitted with 

space group Fmmm. Uij in Å2. 

Atom x/a y/b z/c U11 U22 U33 U12 Occ 
130 K  a         
Pr 0 0 0.3582(4) 0.005(1)    0.994(7) 
Ni 0 0 0 0.003(1) 0.003(1) 0.008(2)  1 
Oeq 0.25 0.25 0 0.002(2) 0.006(2) 0.038(3)  -0.005(2) 1.007(5) 
Oap 0 0 0.1714(4) 0.109(4) 0.041(4) 0.016(4) 0.024(4) 1.007(7) 
Oint 0.25 0.25 0.25 0.006(6)    0.121(5) 
         
60 K  b         
Pr 0 0 0.3587(3) 0.005(1)    0.992(6) 
Ni 0 0 0 0.003(1) 0.003(1) 0.007(2)  1 
Oeq 0.25 0.25 0 0.002(2) 0.004(2) 0.040(3)  -0.002(1) 1.000(5) 
Oap 0 0 0.1720(4) 0.109(4) 0.043(3) 0.022(2) 0.017(3) 1.000(6) 
Oint 0.25 0.25 0.25 0.007(6)    0.121(5) 
a 130 K. Unit cell parameters: a = 5.4587(3) Å, b = 5.3677(2) Å, c = 12.4447(5) Å. Rwp 
= 4.45%, Rp = 3.34%, Rexp = 2.53%, RBragg = 1.36%, GOF = 1.76. 
b 60 K. Unit cell parameters: a = 5.4580(3) Å, b = 5.3654(3) Å, c = 12.4367(6) Å. Rwp = 
4.37%, Rp = 3.29%, Rexp = 2.19%, RBragg = 1.39%, GOF = 2.00. 

Table A2.4: P1.8NO structure data at 130 K and 6 K, obtained from the Rietveld 

refinement of powder neutron diffraction data. P1.8NO main phase was fitted with 

space group Fmmm. Uij in Å2. 

Atom x/a y/b z/c U11 U22 U33 U12 Occ 
130 K  a         
Pr 0 0 0.3637(6) 0.005(1)    0.945 
Ni 0 0 0 0.015(2) 0.015(2) 0.016(4)  1 
Oeq 0.25 0.25 0 0.002(3) 0.013(4) 0.040(3)  0.008(2) 0.951(6) 
Oap 0 0 0.1766(4) 0.099(4) 0.043(6) 0.003(4) 0.006(5) 0.971(7) 
Oint 0.25 0.25 0.25 0.029(10)    0.120(6) 
         
6 K  b         
Pr 0 0 0.3613(5) 0.005(1)    0.945 
Ni 0 0 0 0.007(2) 0.007(2) 0.015(2)  1 
Oeq 0.25 0.25 0 0.004(3) 0.002(3) 0.037(3)  0.007(2) 0.943(9) 
Oap 0 0 0.1766(5) 0.095(4) 0.048(4) 0.004(2) 0.002(3) 0.977(9) 
Oint 0.25 0.25 0.25 0.026(9)    0.113(6) 
a 130 K. Unit cell parameters: a = 5.4516(5) Å, b = 5.3894(5) Å, c = 12.413(1) Å. Rwp = 
2.95%, Rp = 2.34%, Rexp = 2.61%, RBragg = 0.79%, GOF = 1.13. 
b 6 K. Unit cell parameters: a = 5.4485(6) Å, b = 5.3862(5) Å, c = 12.406(1) Å. Rwp = 
2.90%, Rp = 2.29%, Rexp = 2.58%, RBragg = 0.82%, GOF = 1.12. 
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Figure A2.1: Joint refinement of neutron and X-ray powder diffraction data for 

P2.0NO: (a) ND data, (b) XRD data. Data were recorded at 573 K and fitted with 

single P2.0NO phase in space group Fmmm. 
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Figure A2.2: Joint refinement of neutron and X-ray powder diffraction data for 

P2.0NO: (a) ND data, (b) XRD data. Data were recorded at 313 K and fitted with 

single P2.0NO phase in space group Fmmm. 
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Figure A2.3: Joint refinement of neutron and X-ray powder diffraction data for 

P1.9NO: (a) ND data, (b) XRD data. Data were recorded at 773 K. P1.9NO main 

phase was fitted with space group F4/mmm, NiO secondary phase was fitted with 

space group Fm-3m. 
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Figure A2.4: Joint refinement of neutron and X-ray powder diffraction data for 

P1.9NO: (a) ND data, (b) XRD data. Data were recorded at 573 K. P1.9NO main 

phase was fitted with space group Fmmm, NiO secondary phase was fitted with 

space group Fm-3m. 
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Figure A2.5: Joint refinement of neutron and X-ray powder diffraction data for 

P1.8NO: (a) ND data, (b) XRD data. Data were recorded at 773 K. P1.8NO main 

phase was fitted with space group F4/mmm, NiO secondary phase was fitted with 

space group Fm-3m. 
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Figure A2.6: Joint refinement of neutron and X-ray powder diffraction data for 

P1.8NO: (a) ND data, (b) XRD data. Data were recorded at 573 K. P1.8NO main 

phase was fitted with space group Fmmm, NiO secondary phase was fitted with 

space group Fm-3m. 
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Figure A2.7: Joint refinement of neutron and X-ray powder diffraction data for 

P1.8NO: (a) ND data, (b) XRD data. Data were recorded at 313 K. P1.8NO main 

phase was fitted with space group Fmmm, NiO secondary phase was fitted with 

space group Fm-3m. 
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Figure A2.8: BVEL maps of P2.0NO at 773 K (left) and P1.8NO at 773 K (right) 

with an energy 3.2 eV, using pixel 1 × 2 × 1. The displacement ellipsoids obtained 

from the joint refinement results are drawn at the 70% probability level with Pr 

atoms in grey, Ni atoms in green and O atoms in red. 

 

Figure A2.9: Nuclear density distribution of P2-xNO on the (110) plane: (a) 

P2.0NO at 313 K, (b) P2.0NO at 773 K, (c) P1.8NO at 313 K, and (d) P1.8NO at 

773 K. Contour in the range 0-0.5 fm·Å-3 with 0.2 fm·Å-3 per step. All figures are 

shown in the F-centered cell within [1 1 0] plane from z = -0.5 to z = 0.5. 
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Figure A2.10: Electron density distribution of P2-xNO on the 110 (plane): (a) 

P2.0NO at 313 K, (b) P2.0NO at 773 K, (c) P1.8NO at 313 K, and (d) P1.8NO at 

773 K. Contour in the range 0-4 Å-3 with 0.7 Å-3 per step. All figures are shown in 

the [1 1 0] plane with F-centered cell from z = -0.5 to z = 0.5. 
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APPENDIX 3 LOCAL STRUCTURE AND OXIDATION STATES OF 
CATIONS 
 

Table A3.1: EXAFS fit parameters at the Ni K-edge of P2.0NO at RT.  

S0
2 = 0.97(9)                                                                                  R-factor = 0.096% 

ΔE0 = 3.6(6) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 4 1.918 0.012(2) 0.024(5) 1.942(5) 0.007(1) 

Ni-Oap 2 2.141 0.033(6) 0.072(13) 2.213(13) 0.010(2) 

Ni-Pr 4 3.221 0.005(2) 0.015(7) 3.236(7) 0.012(1) 

Ni-Pr 4 3.248 0.005(2) 0.015(7) 3.263(7) 0.012(1) 

Ni-Ni 4 3.835 0.012(3) 0.045(13) 3.880(13) 0.011(2) 

Ni-Oeq 4 4.267 -0.104(11) -0.447(48) 3.820(48) 0.014(8) 

Ni-Oeq 4 4.308 -0.104(11) -0.447(48) 3.861(48) 0.014(8) 

Ni-Oap 8 4.392 -0.039(4) -0.171(16) 4.221(16) 0.005(2) 

Ni-Pr 2 4.462 0.000 0.000 4.462 0.013 

Ni-Oap 4 4.893 0.022 0.106 4.999 0.010 

Ni-Oap 4 4.91 0.022 0.106 5.016 0.010 

Ni-Oint 0.96 3.656 -0.049 -0.179 3.477 0.007 

Ni-Oint 0.96 5.282 -0.003 -0.017 5.265 0.007 

Ni-Oint 0.96 5.315 -0.003 -0.017 5.298 0.007 
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Table A3.2: EXAFS fit parameters at the Ni K-edge of P1.9NO at RT (Ndegen set). 

The asterisk (*) indicates the disordered Pr. 

S0
2 = 0.88(5)                                                                                  R-factor = 0.039% 

ΔE0 = 2.2(4) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 3.92 1.918 0.008(2) 0.016(4) 1.934(4) 0.006(1) 

Ni-Oap 1.94 2.154 0.006(5) 0.014(12) 2.168(12) 0.008(1) 

Ni-Pr 3.41 
3.218 

-0.001(3) -0.003(9) 3.215(9) 0.014(1) 

Ni-Pr* 0.47 -0.175(3) -0.564(9) 2.654(9) 0.010(1) 

Ni-Pr 3.41 
3.245 

-0.001(3) -0.003(9) 3.242(9) 0.014(1) 

Ni-Pr* 0.47 -0.174(3) -0.564(9) 2.681(9) 0.010(1) 

Ni-Ni 4 3.835 0.004(1) 0.017(3) 3.852(3) 0.011(1) 

Ni-Oeq 3.92 4.268 -0.045(5) -0.194(21) 4.074(21) 0.014(6) 

Ni-Oeq 3.92 4.308 -0.045(5) -0.194(21) 4.114(21) 0.014(6) 

Ni-Oap 7.76 4.399 -0.030(2) -0.132(8) 4.267(8) 0.005(1) 

Ni-Pr 1.94 4.468 0.006 0.028 4.496 0.013 

Ni-Oap 3.88 4.883 0.041 0.198 5.081 0.009 

Ni-Oap 3.88 4.901 0.041 0.198 5.099 0.009 

Ni-Oint 0.96 3.656 0.034 0.126 3.782 0.006 

Ni-Oint 0.96 5.282 0.032 0.167 5.449 0.006 

Ni-Oint 0.96 5.316 0.032 0.167 5.483 0.006 
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Table A3.3: EXAFS fit parameters at the Ni K-edge of P1.8NO at RT (Ndegen set). 

The asterisk (*) indicates the disordered Pr. 

S0
2 = 0.97(8)                                                                                  R-factor = 0.035% 

ΔE0 = 1.8(4) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 3.8 1.918 0.006(2) 0.012(4) 1.930(4) 0.008(1) 

Ni-Oap 1.88 2.154 -0.004(5) -0.010(12) 2.144(12) 0.009(1) 

Ni-Pr 2.984 
3.217 

0.000(4) -0.001(13) 3.216(13) 0.016(2) 

Ni-Pr* 0.804 -0.180(1) -0.580(5) 2.637(5) 0.009(1) 

Ni-Pr 2.984 
3.244 

0.000(4) -0.001(13) 3.243(13) 0.016(2) 

Ni-Pr* 0.804 -0.180(1) -0.580(5) 2.664(5) 0.009(1) 

Ni-Ni 4 3.836 0.003(2) 0.012(7) 3.848(7) 0.011(1) 

Ni-Oeq 3.80 4.268 -0.046(9) -0.198(39) 4.070(39) 0.007(5) 

Ni-Oeq 3.80 4.309 -0.046(9) -0.198(39) 4.111(39) 0.007(5) 

Ni-Oap 7.52 4.399 -0.029(4) -0.128(16) 4.271(16) 0.003(1) 

Ni-Pr 1.89 4.472 0.004 0.019 4.491 0.015 

Ni-Oap 3.76 4.883 0.037 0.179 5.062 0.005 

Ni-Oap 3.76 4.901 0.037 0.179 5.080 0.005 

Ni-Oint 0.96 3.656 0.009 0.033 3.689 0.008 

Ni-Oint 0.96 5.283 0.034 0.183 5.466 0.008 

Ni-Oint 0.96 5.316 0.034 0.183 5.499 0.008 
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Table A3.4: EXAFS fit parameters at the Ni K-edge of P1.9NO at RT (Ndegen (Pr) 

free). The asterisk (*) indicates the disordered Pr. 

S0
2 = 0.87(5)                                                                                  R-factor = 0.035% 

ΔE0 = 1.9(5) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 3.92 1.918 0.008(3) 0.015(5) 1.933(5) 0.006(1) 

Ni-Oap 1.94 2.154 0.006(6) 0.014(13) 2.168(13) 0.008(1) 

Ni-Pr 3.54(13) 
3.218 

-0.002(3) -0.006(11) 3.212(11) 0.014(1) 

Ni-Pr* 0.34(13) -0.177(3) -0.570(11) 2.648(11) 0.007(3) 

Ni-Pr 3.54(13) 
3.245 

-0.002(3) -0.006(11) 3.239(11) 0.014(1) 

Ni-Pr* 0.34(13) -0.176(3) -0.570(11) 2.675(11) 0.007(3) 

Ni-Ni 4 3.835 0.004(1) 0.015(3) 3.850(3) 0.011(1) 

Ni-Oeq 3.92 4.268 -0.047(5) -0.200(23) 4.068(23) 0.014(6) 

Ni-Oeq 3.92 4.308 -0.047(5) -0.200(23) 4.108(23) 0.014(6) 

Ni-Oap 7.76 4.399 -0.031(2) -0.136(9) 4.263(9) 0.005(1) 

Ni-Pr 1.94 4.468 0.006 0.028 4.496 0.013 

Ni-Oap 3.88 4.883 0.041 0.198 5.081 0.009 

Ni-Oap 3.88 4.901 0.041 0.198 5.099 0.009 

Ni-Oint 0.96 3.656 0.034 0.126 3.782 0.006 

Ni-Oint 0.96 5.282 0.032 0.167 5.449 0.006 

Ni-Oint 0.96 5.316 0.032 0.167 5.483 0.006 
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Table A3.5: EXAFS fit parameters at the Ni K-edge of P1.8NO at RT (Ndegen(Pr) 

free). The asterisk (*) indicates the disordered Pr. 

S0
2 = 1.00(12)                                                                                R-factor = 0.023% 

ΔE0 = 1.6(5) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 3.8 1.918 0.006(3) 0.012(6) 1.930(6) 0.008(1) 

Ni-Oap 1.88 2.154 -0.003(7) -0.007(16) 2.147(16) 0.009(1) 

Ni-Pr 3.08(14) 
3.217 

0.001(6) 0.003(19) 3.220(19) 0.017(2) 

Ni-Pr* 0.70(14) -0.181(2) -0.582(6) 2.635(6) 0.009(1) 

Ni-Pr 3.08(14) 
3.244 

0.001(6) 0.003(19) 3.247(19) 0.017(2) 

Ni-Pr* 0.70(14) -0.179(2) -0.582(6) 2.662(6) 0.009(1) 

Ni-Ni 4 3.836 0.002(2) 0.009(8) 3.845(8) 0.011(1) 

Ni-Oeq 3.80 4.268 -0.049(10) -0.210(45) 4.058(45) 0.007(6) 

Ni-Oeq 3.80 4.309 -0.049(10) -0.210(45) 4.099(45) 0.007(6) 

Ni-Oap 7.52 4.399 -0.030(4) -0.133(18) 4.266(18) 0.003(1) 

Ni-Pr 1.89 4.472 0.002 0.011 4.483 0.015 

Ni-Oap 3.76 4.883 0.036 0.176 5.059 0.006 

Ni-Oap 3.76 4.901 0.036 0.176 5.077 0.006 

Ni-Oint 0.96 3.656 0.009 0.033 3.689 0.008 

Ni-Oint 0.96 5.283 0.034 0.183 5.466 0.008 

Ni-Oint 0.96 5.316 0.034 0.183 5.499 0.008 
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Table A3.6: EXAFS fit parameters at the Ni K-edge of P2.0NO at 20 K. 

S0
2 = 0.99(9)                                                                                  R-factor = 0.166% 

ΔE0 = 3.1(6) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 4 1.913 0.011(3) 0.021(5) 1.934(5) 0.006(1) 

Ni-Oap 2 2.139 0.029(5) 0.062(11) 2.201(11) 0.007(1) 

Ni-Pr 4 3.207 0.003(1) 0.009(4) 3.216(4) 0.007(1) 

Ni-Pr 4 3.246 0.003(1) 0.009(4) 3.255(4) 0.007(1) 

Ni-Ni 4 3.827 0.012(2) 0.045(8) 3.872(8) 0.008(1) 

Ni-Oeq 4 4.249 -0.115(9) -0.491(39) 3.758(39) 0.016(7) 

Ni-Oeq 4 4.308 -0.114(9) -0.491(39) 3.817(39) 0.016(7) 

Ni-Oap 8 4.384 -0.039(2) -0.173(8) 4.211(8) 0.002(1) 

Ni-Pr 2 4.462 0.008 0.035 4.497 0.014 

Ni-Oap 4 4.882 0.011 0.052 4.934 0.018 

Ni-Oap 4 4.91 0.011 0.052 4.962 0.018 

Ni-Oint 0.96 3.651 0.047 0.172 3.823 0.006 

Ni-Oint 0.96 5.265 -0.011 -0.058 5.207 0.006 

Ni-Oint 0.96 5.313 -0.011 -0.058 5.255 0.006 
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Table A3.7: EXAFS fit parameters at the Ni K-edge of P1.8NO at 20 K. The 

asterisk (*) indicates the disordered Pr. 

S0
2 = 1.00(7)                                                                                  R-factor = 0.159% 

ΔE0 = 1.8(5) 
 

Path Ndegen Rtheory (Å) αfit ΔR (Å) Rfit (Å) σ2
fit (Å2) 

Ni-Oeq 3.8 1.918 0.007(4) 0.014(7) 1.932(7) 0.008(1) 

Ni-Oap 1.88 2.154 -0.018(9) -0.040(21) 2.114(21) 0.010(3) 

Ni-Pr 2.984 
3.217 

0.009(2) 0.028(6) 3.245(6) 0.008(1) 

Ni-Pr* 0.804 -0.174(2) -0.560(6) 2.657(6) 0.007(1) 

Ni-Pr 2.984 
3.244 

0.009(2) 0.028(6) 3.272(6) 0.008(1) 

Ni-Pr* 0.804 -0.173(2) -0.560(6) 2.684(6) 0.007(1) 

Ni-Ni 4 3.836 0.002(2) 0.009(7) 3.845(7) 0.008(1) 

Ni-Oeq 3.80 4.268 -0.045(8) -0.194(35) 4.074(35) 0.010(6) 

Ni-Oeq 3.80 4.309 -0.045(8) -0.194(35) 4.115(35) 0.010(6) 

Ni-Oap 7.52 4.399 -0.034(2) -0.149(10) 4.250(10) 0.001(1) 

Ni-Pr 1.89 4.472 0.011 0.049 4.521 0.009 

Ni-Oap 3.76 4.883 0.048 0.234 5.117 0.001 

Ni-Oap 3.76 4.901 0.048 0.234 5.135 0.001 

Ni-Oint 0.96 3.656 -0.045 -0.163 3.493 0.002 

Ni-Oint 0.96 5.283 0.019 0.102 5.385 0.002 

Ni-Oint 0.96 5.316 0.019 0.102 5.418 0.002 
 



Chapter 8: Appendices 

   117 

Table A3.8: Ni K-edge position of P2-xNO samples and reference compounds 

obtained from half-maximum method and from first-derivative maximum method. 

The data were measured at RT in the air. 

Species Ni K-edge position (eV) a 
(Half-maximum) 

Ni K-edge position (eV) a 
(First-derivative maximum) 

NiO 8344.8 8345.5 
LiNiO2 8345.9 8348.9 
P2.0NO 8345.3 8346.0 
P1.9NO 8345.2 8346.0 
P1.8NO 8345.2 8346.0 
Oxygen-stoi. P2.0NO 8344.8 8345.6 
Oxygen-stoi. P1.9NO 8344.8 8345.6 
Oxygen-stoi. P1.8NO 8344.8 8345.5 
 a The error of edge position were both given at ± 0.2 eV. 
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Figure A3.1: The TG curve of Pr2NiO4+δ heated in 3% H2/Ar atmosphere at 580 K 

to eliminate the interstitial oxygen. 

 

Figure A3.2: Schematic figure of the samples holder (left) and fittings (right) 

designed for in-situ XAS experiments. 
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Figure A3.3: Fourier transforms of Ni K-edge EXAFS spectra for P2-xNO at 

298 K. Circle points indicate observed data, the black and red lines indicate the 

calculated FT magnitude for Ni-Pr paths with non-shifted Pr atoms, and the blue 

and green lines for Ni-Pr paths with shifted Pr atoms. 
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Figure A3.4: Schematic neighboring shells around Ni atoms: (a) the first shell of 

Oeq and Oap; (b) the shell of distorted and non-distorted Pr atoms; (c) the shell of 

Ni atoms; (d) the second shell of Oap. 

 

 

Figure A3.5: Schematic comparison of XRD/ND and EXAFS. 
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