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Abstract  

The increasing energy demand and the need to reduce greenhouse gas emissions are driving 

a transition to renewable energy sources. Solid-oxide cells (SOCs) offer promise for integrating 

intermittent renewables into the grid, yet current fuel electrode materials, exemplified by Ni 

cermet, face limitations including degradation and poisoning. A novel approach called 

'exsolution,' involving the creation of metal nanoparticle-decorated oxides, is gaining traction 

for its potential to improve SOCs by producing stable and efficient electrode materials. 

This thesis investigates double perovskite materials as potential fuel electrodes due to their 

favourable electrochemical properties and unique exsolution behaviour. Specifically, 

lanthanum nickel ruthenates (LaxNiRuO6-y, x = 2, 1.9,1.85) and ruthenium-doped lanthanum 

nickel titanates (LaxNiTi0.9Ru0.1O6-δ, x = 2, 1.85) were studied. A-site deficiency was found to 

facilitate exsolution. Notably, A-site deficient lanthanum nickel ruthenate (La1.85NiRuO6-y) 

exhibited exsolution of Ni and Ru cations at relatively low temperatures, with particle size 

increasing at higher temperatures. In this study, La1.85NiRuO6-y underwent exsolution of Ni and 

Ru cations at 450°C, with separate B-site cation exsolution initiating at lower temperatures 

(300~360°C). In-situ microscopy and electrochemical analysis confirmed rapid exsolution at 

450°C, resulting in enhanced electrochemical performance in single cells test due to the 

exsolution of Ni-Ru bimetallic nanoparticles. 

A-site deficient ruthenium-doped lanthanum nickel titanates (La1.85NiTi0.9Ru0.1O6-δ) displayed 

exsolution of Ni nanoparticles over a wide temperature range, contrasting with Ru cations, 

which required extremely high temperatures for exsolution. The thesis proposes a critical 

temperature range (400-450°C) influencing exsolution behaviour. Additionally, attempts to 

replace exsolved cations with infiltrated iron cations showed enhanced exsolution of Ni-Ru 

alloy nanoparticles. 

In summary, this thesis extensively examines double perovskite materials as fuel electrodes 

for SOCs, emphasizing their exsolution behaviours. It illuminates exsolution in B-site ordered 

double perovskites with varied cation properties and proposes metal nanoparticle-decorated 

lanthanum nickel ruthenates and titanates as promising SOC fuel electrode candidates. 
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Chapter 1 Introduction 

1.1 Background  

With the continuous evolution of modern society, the demand for energy has seen an inevitable 

surge, leading to a heightened focus on the energy industry. For instance, investments in the 

United Kingdom's energy sector reached £16.7 billion in 2022, nearly doubling compared to 

the figures from 20051. Notably, the investment in the electricity sector has exhibited 

remarkable growth, as indicated by the UK Energy in Brief 2023 report (Figure 1.1) 1. Electricity 

generation relies on various sources, including fossil fuels, nuclear energy, renewable energy, 

tidal energy, and geothermal energy. Among these, fossil fuels have historically dominated the 

electricity generation landscape. However, the use of fossil fuels for power generation 

exacerbates greenhouse gas emissions, contributing to climate change. In response, the 

United Kingdom has established a legally binding target to achieve "net zero" greenhouse gas 

emissions by 2050 2,3. Consequently, renewable energy sources such as solar power, wind 

power, and hydropower have emerged as the most viable and dependable sources of electricity.   

 

Figure 1.1 Stack columns chart of the UK investment in the energy industry from 2005 to 2022 1. Reused under the 
Open Government Licence v3.0.  

Starting from 1990, the share of electricity generated from renewable sources has risen 

substantially, reaching 41.5% of the total electricity generation by 2022 (Table 1.1) 1. While 

wind and solar energy are abundant sources of renewable energy, a limitation lies in their 

intermittent nature. To address this intermittency challenge, an energy storage and conversion 

strategy is imperative. Solid oxide cells, encompassing solid oxide fuel cells (SOFCs) and solid 

oxide electrolysis cells (SOECs), hold immense promise in stabilizing power generation, 
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managing energy demand, and facilitating the production of chemicals and fuels. In the case 

of solid oxide fuel cells (SOFCs), electrochemical reactions occur when a fuel (typically 

hydrogen, natural gas, or other hydrocarbons) is supplied to the anode and oxygen is supplied 

to the cathode. Electrons flow through an external circuit, generating an electric current. 

Conversely, solid oxide electrolysis cells (SOECs) can reverse this process. When an electric 

current is applied to the cell, it can split water into oxygen ions at the anode and hydrogen gas 

at the cathode, making SOECs valuable for hydrogen production and energy storage during 

periods of excess electricity availability4. 

One notable advantage of solid oxide cells (SOCs) lies in their high efficiency, as they directly 

convert the chemical energy in fuels into electricity or vice versa. Compared to other fuel cell 

or electrolyser technologies, for example, proton exchange membrane fuel cells (PEMFC) and 

electrolyser cells (PEMEC), the high operating temperature of SOFCs and SOECs allows for 

enhanced kinetics and compatibility with a broader range of fuels, including hydrogen, natural 

gas, and biomass-derived gases. Additionally, their solid oxide materials confer durability and 

longevity, making them suitable for extended operation in various applications. However, the 

high temperature necessitates intricate thermal management and manufacturing processes, 

which can contribute to complexity and cost. In contrast, PEMFCs and PEMECs operate at 

lower temperatures, facilitating rapid start-up and simpler system integration, albeit with 

limitations on fuel choice and durability imposed by the proton exchange membrane. On the 

other hand, the benefits gained from high-temperature operation in SOEC mode led to reduced 

electricity consumption 5. Furthermore, the operating temperatures and high efficiency of 

SOFCs render them suitable for combined heat and power (CHP) stationary units 6. In light of 

the imperatives of mitigating greenhouse gas emissions and achieving a harmonious balance 

between energy demand and power generation, SOCs stand as an ideal candidate.  

Table 1.1 UK Electricity generated by fuel type from 1990 to 2022 1. Reused under the Open Government Licence 

v3.0.  
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Inspired by the potential of SOCs, extensive efforts have been dedicated to the discovery and 

development of high-efficiency and durable SOC components. To realize the operational 

principles of SOCs, perovskite oxides have emerged as promising candidates. This project 

centres on the investigation and modification of double perovskites as potential fuel electrodes 

for SOCs.  

1.2 Fundamentals of SOCs  

A solid oxide cell (SOC) primarily consists of three essential components: the fuel electrode, 

the air (oxygen) electrode, and the ionic-conducting electrolyte, as illustrated in Figure 1.2. The 

SOFC and SOEC modes of SOCs operate in opposite directions in terms of the overall 

chemical reactions. For instance, considering the reaction involving hydrogen fuel:  

𝐻2(𝑔) +
1

2
𝑂2(𝑔)↔𝐻2𝑂(𝑔) 1 − 1 

It's important to note that the oxide materials do not actively participate in the chemical reaction; 

instead, they serve as catalytically active sites and conductors of charge to facilitate the half-

reactions and the flow of electrons through external electrical circuits. As demonstrated in 

Figure 1.2(a), in the SOFC mode, oxygen gas reaches the active sites on the oxygen electrode 

(cathode) and undergoes the oxygen reduction reaction (ORR), resulting in the production of 

oxygen anions as shown in Equation 1-2:  

1

2
𝑂2(𝑔) + 2𝑒

− →𝑂2− 1 − 2 

The most commonly used electrolytes in SOCs are oxygen-conducting membranes, which 

transport the generated O2- ions toward the fuel electrode side, where they combine with H+ 

produced by the complementary half-reaction (Equation 1-3) to complete the overall chemical 

reaction: 

𝐻2(𝑔) + 𝑂
2− →𝐻2𝑂 + 2𝑒

− 1 − 3 

In the SOEC mode of SOCs, taking steam and an oxygen-conducting electrolyte as an 

example, on the hydrogen electrode side, water molecules accept electrons and split into 

hydrogen and oxygen anions, which then pass through the oxygen-conducting membrane, 

undergoing the oxygen evolution reaction (OER) and forming oxygen molecules:  

𝐻2𝑂(𝑔) + 2𝑒
− →𝐻2(𝑔) + 𝑂

2− 1 − 4 

𝑂2− →
1

2
𝑂2(𝑔) + 2𝑒

− 1 − 5 
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As previously mentioned, SOCs are capable of directly converting energy between chemical 

energy and electricity in theory. Taking hydrogen fuel as an example, the overall reaction 

(Equation 1-1) spontaneously occurs in the SOFC mode. The Gibbs free energy (ΔG) is 

calculated as -237.3 kJ/mol (higher heating value, HHV), i.e., producing liquid water) and -

228.6 kJ/mol (lower heating value, LHV, i.e., producing gaseous water) under standard 

conditions (298K, 1 bar) 7: 

𝛥𝐺 =  𝛥𝐻 − 𝑇𝛥𝑆 1 − 6 

where ΔH is the total change in enthalpy at the end of a chemical reaction, ΔS is the change 

of entropy and T is absolute temperature in Kelvin. The energy requirement for the SOEC 

mode is reversed. 

 

Figure 1.2 schematic illustration of the working principles of (a) SOFC and (b) SOEC with oxygen transportation 
electrolyte. 

Given the charge transfer of the reaction of hydrogen combustion is 2, the theoretical cell 

voltage E0 at standard condition can be calculated as 1.23V according to:  

𝐸 =
|𝛥𝐺|

𝑛𝐹
=
237.3 × 1000 𝐽/𝑚𝑜𝑙

2 × 96485 𝐶/𝑚𝑜𝑙
= 1.23𝑉 1 − 7 

Where F is Faraday’s constant (96485 C/mol).  The cell voltage under non-standard conditions 

can be determined using the Nernst Equation:  

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑎𝐻2𝑂

𝑎𝑂2
1
2𝑎𝐻2

= 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

1

𝑝𝐻2𝑝𝑂2
1
2

1 − 8

where E0 is the theoretical cell voltage at standard conditions, which is also the open-circuit 
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voltage (OCV) at standard conditions; aH2O, aH2 and aO2 are activities of the species in the 

reaction; pH2 and pO2 are partial pressure of hydrogen and oxygen respectively. However, the 

actual cell voltage is lower than the theoretical value due to unavoidable energy losses. Figure 

1.3 illustrates the real cell voltage versus current density for the SOFC mode, where the cell 

voltage drop occurs in three stages: reaction activation loss, ohmic resistance loss, and gas 

transportation loss (Equation 1-9). This phenomenon is similar in the SOEC mode but requires 

additional energy input, which can be in the form of heat and electricity 8. The slope of the real 

cell voltage versus current density curves indicates the area-specific resistance (ASR) of the 

cell.  

𝑉𝑐𝑒𝑙𝑙 = 𝐸 − (𝑉𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 + 𝑉𝑜𝑛𝑚𝑖𝑐 + 𝑉𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) 

 

Figure 1.3 theoretically illustration of the cell voltage vs. current density curve. Reproduced under permission from 
reference 9. Copyright 2007, Elsevier. 

Therefore, the operating principles necessitate specific properties for each component in 

SOCs. For electrolyte materials, these materials must possess the following characteristics: (i) 

ionic conductivity (greater than 0.01Scm-1 at operating condition) while insulating 

electronically10,11, (ii) sufficient density to prevent gas crossover, (iii) stability under reducing 

and oxidizing atmospheres, and (iv) thermal and mechanical compatibility with adjacent 

electrodes. Typically, there are two types of electrolytes: oxygen transport electrolytes and 

proton-conducting electrolytes. Currently, much of the research on SOCs focuses on oxygen 

anion-conducting electrolytes, such as yttria-stabilized zirconia (YSZ)12, doped ceria13,14, and 

doped lanthanum gallate14,15, among others 4. 

As for air electrode materials, the aforementioned working principles necessitate the following 

properties: (i) high electronic conductivity for facilitating electron transport (greater than 100 

Scm-1 under operating conditions (e.g. at 700°C) in air11,16, (ii) high ionic conductivity for oxygen 

ion transport (similar to electrolyte), (iii) electrocatalytic activity to lower the activation barrier 
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and promote ORR or OER reactions, (iv) porosity to allow for oxygen gas diffusion to and from 

active sites, (v) thermal and mechanical compatibility with the adjacent electrolyte, and (vi) a 

high tolerance for potential impurities originating from interconnects, such as chromium. Mixed 

ionic and electronic conductors (MIECs) represent a promising category of air electrode 

materials that have undergone intensive investigation and application, including materials like 

strontium-doped lanthanum cobalt ferrite (LSCF) and strontium-doped lanthanum cobaltite 

(LSC)4,17. 

Regarding the fuel electrode, as it operates in reducing conditions and may come into contact 

with impurities supplied with the fuel or the inherently carbon-containing nature of the fuel itself, 

it necessitates the following properties: (i) high electronic and ionic conductivity. The minimum 

required electric conductivity is 1 Scm-1 18; (ii) catalytic activity for fuel oxidation or evolution 

reactions, (iii) porosity to facilitate oxygen gas diffusion to and from active sites, (iv) thermal 

and mechanical compatibility with the adjacent electrolyte, and most importantly, (v) a high 

tolerance for impurity poisoning, such as sulfur poisoning in SOFC anodes, as well as (vi) 

resistance to coking during operation with carbon-containing fuels in SOFCs or during carbon 

dioxide electrolysis in SOECs. In addition, SOFCs and SOECs share many similarities in terms 

of their materials and operating principles, there are some differences in their catalytic 

requirements for the fuel electrode. The catalytic requirements for the fuel electrode in SOFC 

mode mainly involve promoting the dissociation of fuel molecules and facilitating the transport 

of ions (e.g., H+ ions) through the electrode-electrolyte interface, while the catalytic 

requirements for the fuel electrode in SOEC mode involve promoting adsorption and 

dissociation of water molecules. 

1.3 Motivation 

Conventional materials for SOCs primarily consist of Ni cermet, a type of composite material 

that combines nickel metal (Ni) with ceramic materials, due to their favourable electrochemical 

properties and cost-effectiveness, as depicted in Figure 1.4. However, several issues have 

emerged with these materials, including redox instability, carbon deposition, and impurity 

poisoning. The Ni-ceramic-gas triple-phase boundary becomes easily poisoned by common 

impurities such as sulfur and phosphorous compounds in natural gas and biogas and by SiO2 

in the raw materials19,20. Therefore, alternative materials have undergone intensive study to 

address the challenges associated with Ni cermets. One such attempt involves combining 

highly conductive perovskite materials such as Sr0.99Fe0.75Mo0.25O3-d (SFM) with Gd-doped 

ceria (CGO), which has shown promising electrochemical performance and excellent 

resistance to coking. However, in this approach, SFM was infiltrated onto the CGO electrode, 

necessitating additional fabrication steps. Additionally, the polarization resistance of the cells 

increased after redox cycling, indicating that the infiltrated material may be less electro-
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catalytically active, leading to a potential loss of reaction sites on the CGO surface during 

operation 21.   

 

Figure 1.4 Artificially coloured SEM micrograph of cross-section of a manufactured SOC from Technical University 
of Denmark (DTU). Reused under permission from reference 4. Copyright 2020, Elsevier.  

Furthermore, Ni-cermet electrodes often degrade rapidly in SOEC mode at high current 

densities 1 A cm2 at 800 °C, likely due to Ni migration and loss of contact between Ni and YSZ 

22,23. Thus, developing impurity-resistant, electro-catalytically active, and easy-to-fabricate fuel 

electrodes for SOCs, while meeting conductivity, robustness, and chemical stability 

requirements, is crucial. Another approach to mitigate impurity and carbon poisoning for 

enhanced stability and performance is 'redox exsolution.' For instance, Ni nanoparticle-

decorated La0.43Ca0.37Ni0.06Ti0.94O3-d has shown excellent performance in both SOFC and 

SOEC modes, retaining its effectiveness even after 150 hours of testing 24.  

Motivated by the application and advancement of electrodes, particularly fuel electrodes, for 

SOCs, this research project aims to develop and investigate double perovskite materials as 

potential electrode materials. These materials offer higher electronic conductivity, improved 

stability at high temperatures, and tunability for various applications and fuel types, as detailed 

in chapter 2. Specifically, this study explores the exsolution phenomena associated with these 

materials, focusing on performance enhancement and the underlying exsolution mechanisms. 

1.4 Thesis outline  

In chapter 2, literature on the double perovskite materials, especially ruthenates and titanates, 

is reviewed in terms of their intrinsic lattice structure, synthesis methods and applications in 

SOCs. Exsolution method is thoroughly reviewed and discussed in this chapter in terms of its 

discovery, applications, and mechanisms. This chapter highlights the promising perspective of 
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combining the ruthenates/titanates double perovskite and the in-situ exsolution of metal 

nanoparticles. 

Chapter 3 introduces the synthesis and characterization methodology employed in this project. 

Fundamentals of the characterization including X-ray characterization, thermal analysis, 

electron microscopy, inductively coupled plasma-optical emission spectroscopy, 

electrochemical performance test has been discussed.  

Chapter 4 presents the experimental results and analysis of the initial synthesis of lanthanum 

nickel ruthenate double perovskites. The crystal structure, solubility of A-site deficiency, 

intrinsic chemical information and thermal behaviour has been studied, giving the starting point 

of following development and exsolution investigations in chapter 5 and 6.  

Following the discussion in chapter 4, stoichiometric and A-site deficient lanthanum nickel 

ruthenates were subjected to the exsolution treatment. The stability of this double perovskite 

phase was initially attempted, supporting the following exsolution treatment and temperature 

determine. The effect of A-site deficiency was emphasized in this chapter, by comparing the 

morphology after reduction treatment of stoichiometric sample and A-site deficient sample. In 

the end, the dry reduction results and temperature dependency has been discussed, giving 

clues for the mechanism investigation.  

Therefore, based on the studies in chapter 4 and 5, chapter 6 discussed the in-situ 

observations of evolution of the A-site deficient lanthanum nickel ruthenate double perovskite 

and its electrochemical performance. The thermal analysis of A-site deficient lanthanum nickel 

ruthenate (La1.85NiRuO6-δ, L1.85NR) in reducing atmosphere revealed onset of exsolution at a 

relatively lower temperature than the reduction temperature (450°C) adopted in chapter 5. The 

electrochemical performance of the L1.85NR applied as electrode of symmetric cells and the 

single cells has been evaluated and observed in-situ. The fast reducing of impedance of 

symmetric cells indicated the kinetics of exsolution and the increasing of peak powder density 

indicated the enhancement of electrochemical performance during exsolution. In the end, in-

situ observation under high vacuum employing microscopy has been conducted on: (i) 

isothermal exsolution at 450°C; and (ii) step-wise increased temperature from 300°C to 450°C, 

showing the consistent fast exsolution response and separated exsolution of Ni and Ru cations.  

The last result and discussion chapter focus on the A-site deficient lanthanum nickel titanates 

sample with Ru-dopant. Taking into account of the cost of Ru element, the content of Ru has 

been reduced to 5 at%. At the same time, the reduction of Ru was replaced by titanium, which 

in theory stabilize the structure and non-ex-solvable. Sythensis, temperature-dependent 

exsolution and the characterization of the exsolved nanoparticles has been analysed and 

discussed in this chapter. The exsolution of Nickel nanoparticles was observed in a broad 
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range of temperatures, while no Ru exsolution was shown until extreme reduction temperature 

(1000°C), indicating the vital role of the ex-solvable cation’s concentration. In the end of this 

chapter, to further facilitate the exsolution of Ru, topotactic exchange with exotic iron source 

was attempted and discussed.  
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Chapter 2 Literature Review 

2.1 Introduction  
This chapter primarily conducts a brief introduction to double perovskite materials, with an 

explicit focus on those incorporating transition metals such as ruthenium or titanium at the B-

site position potentially to be utilized in Solid Oxide Cells (SOCs). Subsequently, the narrative 

will review the phenomenon of exsolution within the realm of energy conversion. This review 

includes a brief survey of the reported exsolution phenomena, a discussion on the proposed 

mechanisms, and an examination of the exsolution of bi-metallic/tri-metallic nanoparticles.  

2.2 Double perovskite oxides 

Perovskite oxides, characterized by the general formula ABO3, were initially identified by the 

Prussian mineralogist Gustav Rose and Russian mineral collector August Kammerer in 1839, 

and were subsequently named in honor of Count Lev A. Perovskiy 25. Since their discovery, 

ABO3 perovskites have seen extensive applications in various sectors, serving as ferroelectrics, 

piezoelectrics, and catalysts  26. As illustrated in Figure 2.1, the archetypal cubic perovskite 

structure consists of a large, twelve-coordinate cation at the A site and a comparatively smaller, 

octahedrally-coordinate cation at the B site. The ABO3 perovskite structure possesses several 

perovskite-type derivatives, including the layered Ruddlesden-Popper phases27, layered Dion-

Jacobson phases28, double perovskite structures29, and others 30. 

 

Figure 2.1 Schematic diagram of ideal ABO3 perovskite structure. The red spheres represent oxygen anions; the 

blue spheres represent A-site cations; and the green sphere represent B-site cation. 

Regarding the actual lattice structure, the bond lengths of A-O and B-O may not adhere 

perfectly to the ideal proportions observed in the cubic single-perovskite. The discrepancy 

between the A and B-site cations can be effectively described utilizing the Goldschmidt 

tolerance factor31. 

𝑡 =  
(𝑟𝑂 + 𝑟𝐴)

√2(𝑟𝐵 + 𝑟𝑂)
(2 − 1) 

where rA, rB and rO are the ionic radii of A, B and O, respectively. For perovskites involving 

substitution, the radii of A or B cations typically reflect average radii. A stable ABO3 perovskite 
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structure necessitates a Goldschmidt factor that fulfils the condition 0.75 < t ≤ 1.05 32. An ideal 

cubic perovskite is denoted by a unitary factor. When t < 1, the A-site cation radius is relatively 

smaller, leading to the tilting of BO6 octahedra. Conversely, when t > 1, the A-site cation 

becomes excessively large, causing the structure to distort into a tetragonal, rhombohedral, or 

orthorhombic structure. 

To alter the properties of ABO3 perovskite oxides, a common approach involves partial 

substitution of A-site or B-site cations. If the substitution content reaches 50%, the ordering of 

A/B site cations might occur, giving rise to a new structural type. Double perovskite oxides, 

denoted by formulas AA’BO6 or ABB’O6, feature two types of cations occupying the A-site 

position or B-site position in lattices with certain ordering. This combination of two element 

types on the same lattice location offers high tunability of electronic and magnetic properties. 

In addition, the relatively 'open' structure of double perovskite can accommodate more lattice 

defects, such as oxygen vacancies, cation vacancies, cation interstitials, and octahedra-tilting, 

all of which facilitate the movement of charge carriers. For examples, the layered altering of 

oxygen vacancies in LnBaCo2O5+δ double perovskite33 highly increased the oxygen diffusion 

rate34 and electrical conductivity35. Importantly, the electrochemical properties of double 

perovskites can be further fine-tuned by introducing isovalent or aliovalent dopants. 

Substitution on A-site or B-site positions with varying metal cations can result in a more intricate 

structure and chemical environment within the lattice, generating desired crystal defects. 

Consequently, in recent years, double perovskite materials have garnered considerable 

interest for their potential applications in solid-state electrochemical devices. 

In the case of A2BB'O6 and AA'B2O6 double perovskite, complete ordering of B-cations is rare. 

The ordering degree of B and B' cations (or A and A' cations) constitute a dominant parameter 

affecting physicochemical properties. The A/B cations of A2BB'O6 and AA'B2O6 double 

perovskite can ideally be arranged in three ways, as depicted in Figure 2.2: 

 

Figure 2.2 Cation ordering schemes in double perovskite. Rock-salt ordering is A-site (first row) or B-site (second 
row) cations alternate along three dimensions; columnar ordering is two cations alternate along x and y axis; layered 



38 
 

ordering is two cations only alternates along z axis. Reproduced under the terms and condition of CCC. 29 Copyright 

2010, Royal Society of Chemistry. 

The B-site double perovskites mostly exhibit rock-salt ordering, as shown in Figure 2.2. The 

degree of ordering can be assessed by a simple long-range order parameter as reported by 

Vasala and Karppinen 36:  

𝑠 =  2𝑔𝐵 − 1 (2 − 2) 

Where gB is the occupancy of a B-site cation at its correct site. The complete ordering 

corresponds to S = 1, and the completely disordered double perovskite corresponds to S = 0. 

The details of crystal structure and degree of ordering of La2NiRuO6 and La2NiTiO6 will be 

discussed in Chapter 4 and 7. 

2.2.1 Ru-based A2BB’O6 double perovskite oxides  

Ruthenium (Ru) is a member of the platinum group elements and is classified as a transition 

metal. In recent years, it has garnered considerable attention due to its distinctive 

characteristics and potential applications in various fields, particularly in perovskite oxide 

materials. The incorporation of ruthenium into perovskite oxide materials can enhance their 

electrical, catalytic, and electrochemical properties, thereby expanding their potential 

applications, especially in solid oxide cells (SOCs)37–39. 

In the case of SOCs, electrochemical reactions take place on the electrodes, involving multiple 

reactions such as the oxygen evolution reaction (OER), oxygen reduction reaction (ORR), 

hydrogen oxidation reaction (HOR) or hydrogen evolution reaction (HER). For instance, in the 

case of hydrogen fuel electrode, both HOR and HER involve hydrogen adsorption and 

desorption steps. These steps necessitate electrocatalysts or electrodes with sufficient 

catalytic activity to lower the kinetic barrier and accelerate the reaction rate 38,40. B-site cations 

in the perovskite structure, typically d-block transition metals, are considered the catalytically 

active sites due to their reported ability to capture surface-absorbates bonding well through eg-

like molecular orbitals 41. Therefore, ruthenium cations are a favourable choice as B-site 

cations in perovskite structures when applied in SOCs, as ruthenium possesses appropriate 

hydrogen binding energy (Had) and oxyphilic ability, which is neither too weak nor too strong, 

thereby achieving a balanced adsorption and desorption of OHad and Had 38,40. Consequently, 

this project explores the potential of ruthenium-based double perovskite as a fuel 

electrode/electrocatalyst.  

Over the past few decades, there has been significant progress in investigating and 

synthesizing Ru-based double perovskites, with most studies focusing on the synthesis and 

intrinsic properties of these double perovskites. Table 2.1 summarizes the synthesis and crystal 

structure details of various Ru-based double perovskites reported over the last 40 years. The 

majority of Ru-based double perovskites have been synthesized using the solid-state method. 
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For instance, Battle and Macklin 42 first synthesized the double perovskite Ca2YRuO6 by firing 

a mixture of precursors at 820°C for 6 hours, followed by calcining the stoichiometric pellet at 

1100°C for 5 days with intermittent grinding. Hong et al. 43 employed a similar synthesis method 

for BaLaMRuO6 (M= Zn, Mg) and emphasized the necessity of the initial pre-calcination stage 

to prevent the loss of volatile RuO2. The synthesis of Ru-based double perovskites has also 

been achieved through the sol-gel method 44–46, which significantly reduces the required 

thermal treatment temperature and simplifies the synthesis process. The specific synthesis 

details investigated in this work will be discussed in Chapters 3 and 4.  

As for the crystal structure, the deviation from a tolerance factor of 1 indicates a mismatch in 

the sizes of the A-site and B-site cations, leading to a reduction in symmetry from ideal cubic 

structure. Besides, the formation of superstructure and octahedral tilting also contributes to the 

reduction in symmetry. As anticipated, the majority of Ru-based double perovskites exhibit B-

site rock-salt ordering between the ruthenium cations and other transition metals, driven by the 

disparities in size or charge of the two B-site cations 47. The most common type of the Ru-

based double perovskite was long-range B-site ordered monoclinic structure with space group 

P21/n as Table 2.1 highlights.   

In terms of the electronic structure and electrochemical properties of Ru-based double 

perovskites, Dani et al. 48 conducted a study on A2SmRuO6 compounds (where A = Ba and Sr), 

focusing on the evolution of the valence states of Ru cations using X-ray absorption 

spectroscopy (XAS) and Density Function Theory (DFT) calculations. The calculations aligned 

with the XAS observations, indicating that the Ru cations exhibited a valence state higher than 

+4. Additionally, the calculated bandgap suggested that the A2SmRuO6 ruthenates possessed 

semiconducting properties. Chen et al. 49 investigated Sr2YRu1−xCuxO6 (x=0–0.05) through X-

ray absorption near-edge structure (XANES) spectroscopy, revealing that the incorporation of 

copper into the Ru cation position increased the hole concentration in the material. This 

incorporation was accompanied by an increase in the O-Ru-O bond angle and lattice distortion. 

In another study, Xia et al. 46 applied the Ru-based double perovskite SrRu0.5Ir0.5O3 in Proton 

Exchange Membrane Water Electrolysers (PEMWEs), demonstrating its significantly 

enhanced OER activity and materials stability in acidic solutions. This enhancement was 

attributed to the synergistic effect between Ir and Ru in the catalyst. Retuerto et al. 50 

investigated the catalytic activity of La1.5Sr0.5NiMn0.5Ru0.5O6, a ruthenate double perovskite, 

towards both the ORR and OER. The ruthenate material exhibited bifunctional catalytic activity, 

with an impressive index value of ~0.83V. The index is defined as the difference between the 

potentials required to reach an OER current density of 10 mA cm−2 and an ORR current density 

of−1mAcm−2 and the state-of-art bifunctional catalyst have critical value of 0.90V. This high 

bifunctional catalytic activity of La1.5Sr0.5NiMn0.5Ru0.5O6 was attributed to the presence of active 

Mn sites for the ORR and Ru-active sites for the OER. Considering the focus of this work on 
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solid-state systems, the bifunctional catalytic activity of the ruthenate double perovskite, with 

active sites for both ORR and OER, could potentially enhance the efficiency and performance 

of SOCs by facilitating both oxygen reduction and evolution reactions. 

Table 2.1 Synthesis, lattice structure of reported Ru-based double perovskites 

Chemical formula Synthesis Lattice structure Degree of ordering ref 

Ca2YRuO6 
Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

A-site Ca and Y 
disordering; B-site 

ordering 

42 

BaLaMRuO6(M=Zn,Mg) 
Solid-state 
reaction 

Tetragonal structure 
(space group I4/m) 

Complete ordering 
(S=1) 

43 

Sr2RuYO6 
Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

B-site ordering 51 

La2MRuO6+d(M=Mg, Co, 
and Ni) 

Sol-gel reaction 
(Pechini 
method) 

Monoclinic structure 
(space group P21/n) 

B-site ordering 44 

La2MRuO6+d(M=Mn, Fe, 
and Zn) 

Solid-state 
reaction 

Orthorhombic 
structure (space 
group Pbmn) 

Short-range B-site 
ordering 

44 

Ba2HoRuO6 
Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

B-site ordering 52 

Ln2CoRuO6(Ln=La,Pr,Nd,S
m,Eu and Gd) 

Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

B-site ordering 
(S=0.8) 

53 

Ba2MRuO6(M=Sm and Dy) 
Solid-state 
reaction 

Cubic structure 

(space group Fm3̅m) 
/ 54 

(Sr1-xLax)2MRuO6(M=Y and 
Er) 

Solid-state 
reaction 

/ / 55 

R2NiRuO6(R=Pr-Er) 
Sol-gel reaction 
(nitrate-citrate 

route) 

Monoclinic structure 
(space group P21/n) 

B-site ordering 
(S=0.56) 

45 

Ca2FeRuO6 and 
CaSrFeRuO6 

Solid-state 
reaction 

Orthorhombic 
structure (space 
group Pbmn) 

Complete 
disordering 

56 

A2CoRuO6 (A = La, Pr, Nd 
and Sm) 

Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

B-site ordering 
(S=0.9~0.98) 

57 

SrRu0.5Ir0.5O3 Sol-gel reaction 
Orthogonal structure 
(space group ibmm) 

/ 46 

Ba2SmRuO6 
Solid-state 
reaction 

Cubic structure 

(space group Fm3̅m) 
B-site ordering 48 

Sr2SmRuO6 
Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

B-site ordering 48 

La1.5Sr0.5NiMn0.5Ru0.5O6 
Solid-state 
reaction 

Monoclinic structure 
(space group P21/n) 

B-site ordering 50 

 

2.2.2 Ti-based A2BB’O6 double perovskite oxides  

In light of the research conducted on ruthenates, titanium was employed as a substitution for 

ruthenium at the B-site position in lanthanum nickel-based double perovskite oxides, taking 

into account the unique exsolution behaviour of titanium cations, as discussed further in 

Section 2.3.1.2. The synthesis method, lattice structure, and degree of ordering for several 

reported Ti-based A2BB’O6 double perovskite oxides have been summarized in Table 2.2. 
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Similar to the ruthenates, both solid-state reaction synthesis and sol-gel reaction synthesis 

have been documented for the titanium-based A2BB’O6 compounds. Palacin et al. 58 

synthesized La2CuTiO6 using the conventional solid-state method, a modified solid-state 

method with mixed oxide precursors, and the sol-gel method, and compared the impact of 

these three different synthesis approaches on the resulting products.  The conventional solid-

state method involved 3-4 cycles of thermal treatment and regrinding. The modified solid-state 

method expedited the process by calcining TiO2 and utilizing pre-prepared La2CuO4. Both of 

these solid-state synthesis methods required a higher thermal treatment temperature of over 

1100°C to achieve a pure phase. On the other hand, the sol-gel reaction entailed dissolving 

precursors in propanol, followed by evaporation and thermal treatment at temperatures ranging 

from 500°C to 675°C for 3 cycles. The pure crystallized phase emerged after the thermal 

treatment at 675°C, which was still considerably lower than the solid-state method. Therefore, 

the sol-gel citric-nitrate route was employed for the synthesis of lanthanum nickel titanates in 

this study, as elaborated on in Chapter 3 and 7.  

Regarding the lattice structure, Ti-based A2BB'O6 double perovskites exhibit higher symmetry 

and lower B-site ordering compared to the ruthenates. This is consistent with the tolerance 

factor (Equation 2-1), which indicates that the t factor of the Ti-based double perovskite is 

closer to 1 in comparison to the ruthenates. The smaller ion radius of Ti cations, as opposed 

to Ru cations, contributes to a reduced distortion in the lattice structure. In addition, the crystal 

structure was observed to evolve with changes in composition. Yuste et al. 59 gradually 

substituted La3+ by Sr2+ in La2CoTiO6 and investigated the phase transition as the content of 

Sr2+ increased. Initially, La2CoTiO6 displayed a monoclinic structure with P21/n symmetry, along 

with an ordered arrangement of Co and Ti ions at the B-site. However, as the value of x in La2-

xSrxCoTiO6 increased beyond 0.3, the unit cell exhibited orthorhombic symmetry, and the 

ordered arrangement of B-site cations began to diminish. Similarly, Shafeie et al. 60 substituted 

the Ti cations with Mg cations in La2CoTiO6, initially resulting in the same monoclinic structure 

with P21/n symmetry. However, with the presence of Mg cations at the B-site, the structure 

transformed into an orthorhombic Pnma structure. As the value of x in La2Co1+z(MgxTi1-x)1-zO6 

increased up to 0.5, the X-ray powder diffraction patterns indicated a mixture of rhombohedral 

and cubic phase.  

The Ti-based A2BB'O6 double perovskite oxides have been proposed as promising electrode 

materials for solid-oxide fuel cells (SOFCs) due to their high stability, particularly under 

reducing atmospheres and sulfur-containing conditions 61. Among these oxides, the La2MTiO6 

series (M = Zn, Co, Mg, and Fe) has been suggested as fuel electrode materials for SOFCs 

59–61. Yuste et al. 59 investigated the valence states of cobalt ions in La2-xSrxCoTiO6 (0≤x≤1.0) 

through magnetic susceptibility measurements and thermogravimetric analyses. They 

reported a mixed oxidation state for the cobalt ions under both oxidation and reducing 
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atmospheres. The structure of these materials remained stable even with a significant 

presence of oxygen vacancies under reducing conditions, making them promising candidates 

for electrochemical devices.  

Another highly studied series of Ti-based A2BB'O6 double perovskites for SOFC electrode 

applications is Sr2MTiO6 (M = Mo, Ni, Fe, and Sc). Niu et al. 62 used Sr2TiMoO6 as an anode 

material in SOFC single cells, with La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) as electrolyte and 

NdBaCo2/3Fe2/3Cu2/3O5-d (NBCFC) as cathode. The single cell demonstrated good stability, 

excellent resistance to coking, and tolerance to sulfur in an environment of commercial syngas 

containing H2S for a testing period of 60 hours. Similarly, He et al. 63 investigated the effect of 

Ti-dopant in Sr2TiNi0.5Mo0.5O6 as an anode material for SOFCs operating with humidified H2 

and dry CH4 fuels. They suggested that the presence of strong Ti-O bonds greatly enhanced 

the structural stability of the material under reducing conditions. Rath et al. 64 utilized Sr2ScTi1-

xMoxO6 (x=0.1 and 0.5) as electrodes in symmetric SOFCs. The Ti-rich double perovskite 

exhibited a lower activation energy for both the ORR and HOR compared to the Mo-rich double 

perovskite. These studies highlight the potential of Ti-based A2BB'O6 double perovskite oxides 

as electrode materials for SOFCs, demonstrating their stability, sulfur tolerance, structural 

enhancements, and improved catalytic properties for electrochemical reactions. 
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Table 2.2 Synthesis, lattice structure of reported Ti-based double perovskites 

Chemical formula Synthesis Lattice structure 
Degree of 
ordering 

ref 

La2CuTiO6 

Solid-state 
reaction; Solid-
state method 
with La2CuO4 
precursor; Sol-
gel reaction 

Orthorhombic structure (space 
group Pnma) 

B-site 
disordering 

58 

La2MTiO6(M=Co and 
Ni) 

‘liquid mix’’ 
technique 

(similar to sol-
gel method) 

Monoclinic structure (space 
group P21/n) 

Partially B-site 
ordering (S= 
0.48 - 0.72) 

65 

CaRu1−xTixO3−y 
(x=0,0.1,0.2...0.9, 1.0) 

Solid-state 
reaction 

Orthorhombic structure (space 
group Pnma) 

/ 66 

Sr2TiMnO6 
Solid-state 
reaction 

Tetragonal structure (space 
group I4/m) 

/ 67 

La2-xSrxCoTiO6 
(0≤x<0.3) 

Sol-gel 
reaction 
(Pechini 
method) 

Monoclinic structure (space 
group P21/n) 

B-site ordering 59 

La2-xSrxCoTiO6 
(0.3≤x<1.0) 

Sol-gel 
reaction 
(Pechini 
method) 

Orthorhombic structure (space 
group Pnma) 

B-site 
disordering with 
x increasing 

59 

La2ZnTiO6 

Sol-gel 
reaction 

(nitrate-citrate 
route) 

Monoclinic structure (space 
group P21/n) 

B-site ordering 61 

La2Co1+z(MgxTi1-x)1-zO6 

Sol-gel 
reaction 

(nitrate-citrate 
route) 

Structure changes from 
Monoclinic structure 

(P21/n) via orthorhombic 
structure (Pbnm) to 

rhombohedral structure (R3̅c) 

and cubic structure (Pm3̅m) with 
both increasing Mg content and 

increasing Co content. 

B-site ordering 
of LaCo0.5Ti0.5O3 

monoclinic 
lattice 

60 

La2Ni(Mn1-xTix)O6 
(x=0, 0.2, 0.4, 0.6, 0.8, 

and 1) 

Solid-state 
reaction 

Monoclinic structure (space 
group P21/n) 

Partially B-site 
ordering 

68 

Sr2TiIrO6 

Sol-gel 
reaction 

(nitrate-citrate 
route) 

Orthorhombic structure (space 
group Pnma) 

B-site 
disordering 

69 

Pr2CoTiO6 
Solid-state 
reaction 

Monoclinic structure (space 
group P21/n) 

B-site ordering 70 

La2MnTiO6 
Solid-state 
reaction 

Monoclinic structure (space 
group P21/n) 

B-site ordering 71 

Sr2Fe1.4TixMo0.6−xO6-δ  

(x = 0.1, 0.2 and 0.3) 
Solid-state 
reaction 

Cubic structure (space group 

Fm3̅m) 
/ 72 
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2.3 Exsolution method 

2.3.1 Concept and system 

Based on the preceding discussion, perovskite oxides, particularly those with a double 

perovskite structure, have been demonstrated as effective electrodes and electrocatalysts in 

solid-oxide cells (SOCs). Over the past decade, a novel approach involving the decoration of 

oxides with uniformly grown in-situ nanoparticles has been confirmed as an efficient method 

for enhancing stability 73,74, resilience to impurity poisoning 75–77, electrochemical activity 78,79 

and electronic conductivity 35,80 of the electrodes and catalysts. Perovskite has been identified 

as a suitable parent support for the exsolved nanoparticles due to its structural flexibility and 

ability to tolerate exotic dopants and lattice mismatch.  

The process of 'exsolution' originates from geology and refers to the separation of a solid 

solution into different crystalline structures at various scales 81. The early investigations of 

'exsolution' were reported in the context of self-regenerated catalysts from perovskite oxides 

82–85. Shiozaki et al. 82 prepared a Ni/BaTiO3 catalyst for the partial oxidation of CH4 using the 

'solid phase crystallization' method, in which surface Ni metal precipitates on the surface of 

BaTiO3 under a reducing atmosphere. Similarly, Ni and Ru nanoclusters were observed to 

precipitate on the surface of a lanthanum chromite anode during the operation of SOFCs 84,85. 

Nishihata and Tanaka et al. 83,86 observed Pd regenerates from the LaFe0.57Co0.38Pd0.05O3 after 

reduction in hydrogen/nitrogen, and its reversible re-incorporation into the perovskite structure. 

Similarly, Rh and Pt 'intelligent catalysts' self-regenerated and dissolved into the perovskite in 

a rapid fluctuation when encountering exhaust gas from a gasoline engine, preventing catalyst 

degradation, as demonstrated in Figure 2.3. Pavlova et al. 87 reported the enhancement of 

coking resistance in a catalyst for CO2 reforming of methane by reducing LnFeNi(Ru)O3 

perovskites and forming Ni-Fe-(Ru) alloy particles. Along with the reduction of the perovskite, 

an LnOx layer grows epitaxially between the perovskite substrate and the reduced metal 

particles, indicating partial destabilization of the perovskite structure under reducing 

atmosphere.  
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Figure 2.3 Schematic of the intelligent catalyst self-regeneration and conventional catalysts enlargement. Reused 

under permission from reference 86. Copyright 2006, Elsevier.  

Studies on exsolution gained momentum after Neagu et al. proposed the method of controlling 

and tuning exsolved nanoparticles in 2013 88. Non-stoichiometric lanthanum titanates with 

various transition metal dopants were systematically screened to investigate the in-situ growth 

of nanoparticles. Several factors were found to influence the surface nanoparticles, with A-site 

deficiency playing a predominant role in facilitating and tailoring B-site exsolution. The 

perovskite unit cell with built-in A-site deficiency spontaneously excludes localized B-site 

'excess' to restore local stoichiometry, as illustrated in Figure 2.4. The presence of A-site 

deficiencies also suppresses the structural deconstruction of perovskite into oxides with extra 

A-site cations, as mentioned earlier.  

 

Figure 2.4 Schematic of the exsolution process of perovskite unit cells with built-in A-site vacancy. Reproduced 
under the permission from reference 88. Copyright 2013, Springer Nature. 

A subsequent investigation by Neagu et al. 76 into the interface between exsolved Ni 

nanoparticles and the lanthanum strontium titanates bulk substrate revealed a unique 

'socketed' structure, with approximately 30% of the particle embedded into the parent 
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perovskite. The robust interaction between exsolved nanoparticles and the parent oxide 

contributes to high thermal stability and excellent coking resistance, as shown in the Figure 

2.5, without compromising catalytic activity, thereby explaining the high performance and 

stability of the intelligent catalysts discovered in the early stages of research. This further 

explores the attractive properties of nanoparticles derived from the exsolved method, which 

has garnered significant attention in catalyst development and electrochemical devices.  

 

Figure 2.5 (a) TEM micrograph (dark field) of a Ni particle exsolved on (110) native surface facet showing the 
partially submerge of the nanoparticle, scale bar 10 nm; (b) schematic illustration of the exsolved nanoparticle-bulk 
interface and the deposited nanoparticle-substrate interface; SEM images of the exsolved Ni nanoparticle on the 
surface of La0.52Sr0.28Ni0.06Ti0.94O3 before (c) and after (d) aging for 70 hours, scale . Comparison of the carbon 
growth of (e) Ni nanoparticles prepared by vapor deposition (scale bar 500nm) and (f) exsolved Ni nanoparticles on 
lanthanum strontium titanates (scale bar 100nm). Reproduced under the terms of the CC-BY license. 76 Copyright 
2015, the authors. Published by Springer Nature. 

In the following decade, abundance studies and effort has been put in this filed due its 

promising application in electrochemical devices, including SOCs 22,84,89–102, water splitting 

catalysis 103–115, ammonia reaction catalysis 116–123, hydrocarbon reforming 124–144 and CO2 

electrolysis 145–177, as illustrated in Table 2.3. Driving forces and multiple ‘intrinsic and ‘extrinsic’ 

factors were investigated to figure out the exsolution process and mechanism.  
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Table 2.3(a) Applications of exsolution method, corresponding exsolved elements and host lattices: SOCs, water 
splitting and hydrocarbon reforming. 

Application 
Exsolved 
element 

Host lattice Ref. 

SOCs 

Fe Sr2Fe1.5Mo0.5O6-d 178 

Ni 
La0.7Sr0.3Cr1-xNixO3-d; 

BaZr0.8Y0.2O3−δ 
89,91 

Co Sr2Fe1.3Co0.2Mo0.5O6-δ 96 
Ru LaSr0.2Cr1−xRuxO3−δ 102 

Fe, Ni SrFe1–2xNixMoxO3 101 

Fe, Co 
SrFeO3-d; 

Sr2Ti1–xCoxFeO6 
95 

Fe, Co, Ni 
La0.6Sr0.4M0.2Mn0.2Fe0.6O3−δ(M= Co, 

Ni) 
98 

Fe, Co, Ru 
Sr0.95(Ti0.3Fe0.63M)O3-d (M= Ru, 

Ni) 
100 

Ag 
BaCo0.4Fe0.4Zr0.1Y0.1O3-d; 

Ba0.95Co0.8Nb0.1Ta0.1O3−δ; 
Sr0.95Ag0.05Nb0.1Co0.9O3-δ 

90,92,94 

Water splitting 
catalysis 

 

Fe 
SrTi0.8Fe0.2O3-d; La0.66Ti0.8Fe0.2O3-d; 

SrTi0.65Fe0.35O3 
106,110 

Co Sr2FeMoO6 113 
Pt LaCo0.94Pt0.06O3 104 
Cu LaFeO3 105 
Ag AgTaO3 108,111 
Ni La0.8Sr0.2Cr0.69Ni0.31O3-d 103 
V BiVO4 114 

Ir,CoO SrCoO3−δ 107 
IrOx LaFeO3 112 
WS2 SrTiO3 109 
Co3O4, 
Ca(OH)2 

Ca3Co4O 115 

Hydrocarbon 
reforming 

Ni 

La0.43Ca0.37Ni0.06Ti0.94O3; 
La1.5Sr1.5Mn1.5Ni0.5O7; 

ZrO2; 
CeO2; 

La0.7Ca0.2Ni0.25Ti0.75O3; 
NiAl2O4; 

La0.4Ca0.4NixTi1-xO3-d; 
CaTiO3 

127,128,132,135,136,139,141,143 

Ru Sm2RuxCe2−xO7 142 
Rh Al2O3 125 

Ni, Fe 
(La,Sr)(Cr,Fe,Ni)O3; 
Sr2FexNi1-xMoO6-δ; 

PrBaMn1.6Ni0.3Fe0.1O5+δ 

133,137,138 

Ni, Rh La0.43Ca0.37Rh0.03Ni0.03Ti0.94O3 144 
Ni, Co MgAl2O4 126 
Ni, Cu LaCe0.1Mn0.8Ni0.1Cu0.1O3 124 

Ni, Fe, Co PrBaMn1.7Co0.1Ni0.2O5+d 134 
Ni, Fe, Re LaFeO3 140 
Fe,Co PrBaFeCoO5+δ 130 
IrOx LaFeO3 131 

Ni, CeO2 La0.75Ce0.05Ca0.2Cr0.9Ni0.1O3 129 
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Table 2.3 (b) Applications of exsolution method, corresponding exsolved elements and host lattices: ammonia 
reaction catalysis and carbon dioxide reduction. 

Application 
Exsolved 
element 

Host lattice Ref. 

Ammonia 
reaction catalysis 

Ru 

La1-xSrxTiO3; 
BaCe0.9Y0.1O3; 

La0.33Sr0.67Cr0.33Fe0.52Ru0.15O3−δ; 
BaCexOy 

118–121,123 

Ni La0.45Sr0.45Ti0.9Ni0.1O3 116 
Ni, Co Sr2CoMo1−xNixO6−δ 117 
Ru, Co, 
Fe 

Pr0.6Sr0.4Co0.2Fe0.75Ru0.05O3-δ 122 

Carbon dioxide 
reduction 

Ni 
(La,Sr)FeO3; 
(La,Sr)TiO3; 

Sr2Fe1.5Mo0.5O6 

146,152,154,162 

Fe 

Sm0.2Ce0.8O2-d; 
Sr2Fe1.5Mo0.5O6; 

(Ce, La, Sr)(Cr,Fe)O3-δ； 

La0.3Sr0.7Ti0.3Fe0.7O3-δ 

157,166,167,172,175 

Co 
Pr0.5Ba0.5MnOx; 

La0.6Sr0.4Co0.7Mn0.3O3; 
Sr2(Fe,Co)1.5(Mo,Ti)0.5O6 

151,153,170 

Cu 

(La,Sr)(Ti,Mn)O3; 
NiOOH; 

SrxTi0.7Cu0.2Mo0.1O3-δ; 
LaFeO3 

145,156,168,176 

Ni, Co (La,Ca)TiO3 155,173 

Ni, Fe 

(La,Sr)(Cr,Fe)O3; 
(La,Ca)(Cr,Fe)O3; 
(Pr,Sr)(Fe,Nb)O3; 
(Pr,Sr)(Fe,Mo)O3; 
Sr2Fe1.5Mo0.5O6;  
(Pr,Ba)(Fe,Ni)O3; 
(La,Ca)TiO3 

147,158,160,161,164,165,171,173 

Fe, Co 
(Pr0.4Sr0.6)3(Fe0.85Mo0.15)2O7; 

Sr2Fe1.5Mo0.5O6;  
(Pr,Sr)(Fe,Mo)O3 

149,150,165 

Fe, Ru 
(Pr,Sr)(Fe,Mo,Ru)O3; 
Sr2(Fe,Mo,Ru)O3; 

(La,Sr)FeO3 

163,174,177 

Fe,Sn Sr1.95Fe1.4Sn0.1Mo0.5O6-δ 159 
Fe, MnOx (Pr,Ba)Mn1-xFexO3-δ 148 

 

2.3.2 Mechanisms and steps 

Factors and driving forces of exsolution can be divided into 'intrinsic' nature, which includes 

built-in defects, dopants, and host elements, as well as elemental and defect concentrations, 

and 'extrinsic' nature, which includes temperature, voltage-bias, oxygen particle pressure, and 

exotic elemental exchanges 88. This section reviews the studies on the exsolution mechanism 

and driving forces of exsolution.  
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The key process of the exsolution of metal oxides with dopant reduced under hydrogen 

atmosphere was demonstrated by Kuosi et al. 179 as Figure 2.6 showed. During the reduction 

by hydrogen, the solid solution formed a certain number of oxygen vacancies, facilitating the 

nucleation of metal cations. Stradi et al. 180 conducted DFT calculations and confirmed that the 

oxygen vacancies played a vital role in the surface segregation of precious-metal atoms from 

the LaFeO3 perovskite. In the study on Fe exsolution on La0.6Sr0.4FeO3 thin film, Wang et al. 

181 proposed the exsolution of metal cations involves the formation of Schottky defects and the 

oxygen vacancies pairs served as nucleation site of iron nanoparticles exsolution based on 

DFT and Monte Carlo calculation.   

With the accumulation of diffused and segregated-out M2+ cations (Figure 2.6), the surface 

atoms were reduced, and particles started to nucleate and grow. Gao et al. 182 investigated the 

Ni exsolution from La0.4Sr0.4Sc0.9Ni0.1O3-δ and proposed three models of Ni particle growth: the 

strain-limited model, the reactant-limited model, and the diffusion-limited model. These models 

take into account determining factors such as reduction time, atmosphere, amount of Ni, and 

strains (Figure 2.7). In a subsequent in-situ investigation of Co nanoparticles growth in a 

SrTi0.75Co0.25O3‑δ polycrystalline thin film, Jo et al. quantitatively measured the growth of 

exsolved nanoparticles over time. The obtained results showed a correspondence with the 

reactant-limited model, while considering a modification that accounts for the vacuum 

reduction process used in their work.  

 

Figure 2.6 Illustration of the process. (a) The exsolution method and (b) key processes fundamental to exsolution. 
Reuse under the terms of CC-BY license 179. Copy right 2021, the authors. Published by John Wiley and Sons.  
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Figure 2.7 (a) Illustration of the exsolution process. (b) The average particle size and the fitting curves with strain-
limited model (solid line), reactant-limited model (dashed line), and diffusion-limit model (dotted line). Reproduced 
under the permissions from reference 182. Copyright 2016, Elsevier Ltd. 

As mentioned earlier, the unique 'socketed structure' has raised intriguing properties and 

promising prospects in the application of the exsolution method. The mechanism behind the 

formation of this partly submerged structure of the exsolved particles was discussed by Oh et 

al. 183 in their observation of Ni exsolution from the perovskite La0.4Sr0.4Ti0.97Ni0.03O3−δ using 

atomic force microscopy (AFM). They proposed the formation of subsurface nucleates and 

observed the movement of metal nucleates towards the surface, with a trench forming prior to 

it. As the metal nucleates moved out, a particle-in-pit morphology was formed, which 

accounted for the socketed interface. However, in a later in-situ observation of Ni exsolution 

by Neagu et al. 184, the kinetics of Ni exsolution from lanthanum calcium titanate were studied 

using high-resolution environmental transmission electron microscopy (E-TEM). A fast 

nucleation process was observed after 0.2 seconds under vacuum, growing to a critical size 

of around 1 nm within 0.4 seconds (Figure 2.8.a). The in-situ observation revealed the initial 

stage of nucleation within the subsurface of the lattice. Interestingly, in this case, the socketed 

interface was observed to form without the nucleates moving out but instead maintaining their 

initial location and growing isotropically. This resulted in the formation of a 'volcano-like' 

socketed structure as the parent perovskite lattice was pushed laterally, as depicted in Figure 

2.8. In a more recent in-situ real-time observation of Ir nanoparticles from strontium titanates 

185, a pyramidal base was observed for the particle socket. A new mechanism similar to the 

first stages of the vapour-liquid-solid mechanism was proposed for the formation of this 

interfacial structure. The pyramidal socket structure formed after the full formation of the 

particles, and due to the dilute concentration of Ir atoms, the exsolved atoms were insufficient 

to grow nanowires. As a result, a pyramidal base was formed between particles and host lattice. 

These unique socketed structures offer interesting insights into the exsolution process, and 

their formation mechanisms provide valuable information for understanding the behaviour of 

(b)
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exsolved particles at the atomic level, and tailoring materials with enhanced properties and 

functionalities. 

 

Figure 2.8 (a) In-situ TEM images of the exsolution of a Ni metal particle at the surface of a La0.43Ca0.37Ti0.94Ni0.06O3 

powder at different times during an in-situ E-TEM reduction carried out under vacuum at 900 °C. (b) Schematic 
illustration of particle−socket genesis during exsolution. Reused with permission from reference 184. Copyright 2019 
American Chemical Society. 

Intriguingly, in addition to the previously reported subsurface nucleates, Kousi et al. 

186discovered metallic Ni nanoparticles dispersed throughout the bulk of the oxide hosts of 

La0.8Ce0.1Ni0.4Ti0.6O3 when subjected to a prolonged reduction time at higher temperature (i.e., 

10 hours at 1000°C), as depicted in Figure 2.9. This finding highlights the ability to form 

endogenous particles not only on the surface but also within the bulk of the material. The 

tunability of these endogenous particles was found to be influenced by the reduction 

temperature and time. The intensive exsolution observed both at the surface and bulk of the 

material resulted in highly strained reduced materials, which, in turn, promoted the oxygen 

transportation property. This property is crucial for applications that involve oxygen storage 

(a)

(b)
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and migration, making these materials valuable in various fields. In their later studies, Kousi et 

al. 187 also discovered Ni-Co co-exsolved endogenous particles in the reduced 

La0.7Ce0.1Co0.3Ni0.1Ti0.6O3-d material. These co-exsolved particles exhibited further enhanced 

properties of oxygen storage capacity and activity towards CH4 conversion, showcasing the 

potential for tailoring and optimizing material properties through controlled exo/endogenous 

exsolution process.  

 

Figure 2.9 (a) 3D model of a catalyst particle with nanoparticles dispersed on its surface and within its bulk. (b) SEM 
image of the overview of the surface of the perovskite after exsolution. (c) SEM image of cross-section view after 
exsolution revealing surface and bulk particles. (d) Detail of the particles exsolved in the bulk Reuse permission 
from reference 186. Copyright 2019, John Wiley and Sons.  

2.3.3 Driving forces 

The exsolution of a solid solution system includes multiple steps of reduction and oxygen loss, 

cation diffusion, nucleation, and particle growth. Various factors synergistically influence the 

behaviour of the exsolved particles and oxide system. As mentioned above, one intrinsic factor, 

built-in A-site deficiencies, has been revealed to play a vital role in promoting exsolution during 

reduction. For most oxides, the introduction of A-site deviations can also generate oxygen 

vacancies throughout the lattice, which are proposed to accompany the segregation of B-site 

cations 188,189. As Equation 2-3 demonstrates, the lattice with built-in defects was considered 

as B-site-rich, having the tendency to exsolve ‘extra’ B-site cations88:  

𝐴1−𝛼𝐵𝑂3−𝛿
𝑒𝑥𝑜𝑠𝑙𝑢𝑡𝑖𝑜𝑛 
→        (1 − 𝛼)𝐴𝐵𝑂3−𝛿′ + 𝛼𝐵 (2 − 3) 

Additionally, in Cali et al.’s recent work 185, local A-site Sr vacancies of Ir-doped SrTiO3 have 

been revealed to act as active ‘trapping sites’ for the Ir dopant atoms. DFT calculations on 

surface energies of lattice surface with and without Vsr
’’ were implemented and indicated that 

Ir atoms were mobile over an ideal surface without defects. However, once the Ir atoms moved 

to a Vsr’’ site, forming IrSr’’ and O-Ir-O pair, the high energy barrier made it hard for the atoms to 

move away from the site. The real-time atomic resolution TEM characterization evidenced the 

mobile Ir atoms and the ‘trapping’ process by a strontium vacancy, as Figure 2.8 showed.  
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Figure 2.10 Inverse fast Fourier transform High-angle annular dark-field imaging (HAADF)- Scanning transmission 
electron microscopy (STEM) images of a [−3 1 2] zone axis of Ir-doped SrTiO3 grain at 700 °C (a,b), 640 °C (c,d,e), 
and644 °C (f) during in situ monitoring during heating in vacuum. The yellow and circle in (a) and (b) indicated the 
movement of the Ir atom. (c-f) showed a trapping and nucleation process of Ir atoms. Reproduced under terms and 
conditions of CC-BY license. 185 Copyright 2023, the authors. Published by Springer Nature.  

As previously mentioned, the exsolution process involves thermodynamic segregation, cation 

diffusion, and reduction. Therefore, the intrinsic design of the host lattice, dopant, and elements 

is also crucial in developing the exsolution of metallic nanoparticles. The reducibility of certain 

transition metal oxides, which typically exist as B-site cations in perovskites, was reviewed by 

Neagu et al. 88, as shown in Figure 2.11. The Gibbs free energy of the reduction reaction of 

these transition metals from oxides to the metal phase suggested differences in their 

reducibility. Ni, Co, and Fe exhibited thermodynamically spontaneous reduction by H2, while 

the platinum group elements showed even lower energy requirements for reduction, which 

provides clues of the early-stage studies focused mostly on platinum group precious metal 

elements. On the other hand, certain elements like Ti and Mn proved to be challenging to 
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reduce to the metal phase even under an H2 atmosphere at 900°C. This is in line with Table 

2.3, which indicates that precious metal elements and nickel, iron, and cobalt tend to exsolve, 

whereas titanium and chromium remain in the host lattice. Manganese, however, has been 

reported to exsolve as MnOx 148,190. For example, Sengodan et al. [153] observed the exsolution 

of MnO during the phase transition of Nd0.5Ba0.5MnO3 into the layered double perovskite 

NdBaMn2O5+δ.  

In another aspect, the co-segregation energies of various systems and elements had been a 

focal point in the simulation study of the exsolution process and its driving forces. Kown et al. 

188 conducted calculations on the co-segregation energies of Co, Ni, Mn, and Fe, along with 

the nearby oxygen vacancy, in the PrBaMn1.7M0.3O5+δ system. As depicted in Figure 2.12, the 

co-segregation energy analysis indicated that the exsolution of Co and Ni is more favoured in 

comparison to Mn and Fe in terms of segregation aspect. Moreover, the intrinsic nature of 

different dopant and transition metal cations such as oxygen-coordination bond strength and 

radius, not only affect reducibility and the co-segregation energy, but also the solubility of the 

initial preparation and the diffusivity of the nucleation and particle growth process. Therefore, 

it’s vital to consider the exsolving metal elements in the designed structure of developing 

exsolution system.  

 

Figure 2.11 Gibbs free energy of reduction of oxides to metals or certain oxides, at 900 °C in H2. Reused under the 
permission from reference 88. Copyright 2013, Springer Nature. 



55 
 

 

Figure 2.12 (a) Schematic illustration of the model used for the calculations of co-segregation energy. (b) 
Comparison of the co-segregation energy with the dopant (M) materials. Reused under terms of CC-BY license 188. 
Copyright 2017 The Authors. Published by Springer Nature.  

In line with the aforementioned study on NdBaMn2O5+δ, it has been observed that phase 

transitions occurred accompanied by exsolution phenomena, and these transitions have been 

proposed as triggering factors for exsolution 191,192. The layered double perovskite AA'B2O6 has 

gained increasing attention due to studies focusing on the preferences of oxygen vacancies in 

the A-site double perovskite and its fast oxygen diffusion rate 193. Sengodan et al. 35 

synthesized PrBaMn2O5 and reported its high electrical conductivity, which was achieved by 

reducing Pr0.5Ba0.5MnO3 into the PrBaMn2O5 phase. In a subsequent study, Sun et al. 191 doped 

Pr0.5Ba0.5MnO3 with 10 mol% Co and observed the exsolution of Co nanoparticles during the 

formation of the oxygen-deficient layer and double perovskite structure. DFT calculations 

supported the thermodynamic favourability of forming an oxygen vacancy layer together with 

exsolution. Another study on Fe-Ni exsolution from the B-site doubled Sr2FeMo0.65Ni0.35O6−δ 

perovskite revealed a transition from the double perovskite structure into the 

Ruddlesden−Popper (RP) phase Sr3FeMoO7−δ and the single perovskite Sr(FeMo)O3−δ. 

Similarly, Kim et al. 192 employed in-situ environmental observations to study the phase 

transition of Pr0.5(Ba/Sr)0.5FeO3−δ with varying ratios of Ba/Sr, showing the transformation from 

a single perovskite into the RP phase. A phase diagram with three steps of phase transition 

was proposed, as shown in Figure 2.13, and it was observed that iron nanoparticles exsolved 

during the phase transition. Hence, these studies highlighted the link of intrinsic phase 

transition and its tendency of exsolving the ‘excess’ B-site cations.  
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Figure 2.13 (a) Proposed phase diagram of Pr0.5Ba0.5−xSrxFeO3−δ material (x = 0, 0.1, 0.2, 0.25, 0.3, 0.4, and 0.5) in 
H2 environment as functions of reduction temperature and Sr2+ concentration from in-situ XRD measurements, and 
(b) the corresponding schematic illustration of the phase transition. Reproduced under terms of CC-BY license 192. 

Copyright 2021, the Authors. 

In addition to the intrinsic factors considered thus far, facets and strains have also been found 

to be highly linked to the exsolution behaviour. As previously mentioned, Gao et al. 182 proposed 

a particle growth model based on the strain-limits (Figure 2.7), taking into account the reduction 

reaction of Ni2+ to Ni0, dedicated by strain energy. In the investigation of particle-in-pit 

morphology, the strain field modelling suggested that the interplay of surface free energy and 

strain energy provides the driving forces for exsolution and morphology evolution 183. In 

subsequent research, Han et al. 194 investigated the exsolution of Ni nanoparticles from A-site 

deficient La0.2Sr0.7Ni0.1Ti0.9O3−δ thin films on different substrates, resulting in different strains, 

as shown in Figure 2.14(a-d). Calculations based on classical nucleation theory indicated that 

the relaxation of the misfit strain tends to decrease the critical size of nuclei and nucleation 

barrier at the initial stage of exsolution. The experimental results highlighted that compressive 

strains enhance the exsolution of Ni particles, as depicted in Figure 2.14(e). Additionally, the 

particles were found to be interior to the surface of the thin film, which is consistent with 

previous studies on endogenous particles and the early stages of subsurface nucleation 

(Figure 2.14.g-f).  However, Kim et al. 195 reported a conflict observation of the dependency of 

exsolution outcome on strain of SrTi0.75Co0.25O3 thin film exsolution. They calculated the 

surface segregation energy and the cations vacancy formation energy with biaxial strain and 

the result proposed the exsolution of Co cations would be easier under tensile train. In the later 

study of Fe exsolution on La0.6Sr0.4FeO3 thin films, Wang et al. 181 explained the confliction by 

comprehensively considered both cation vacancy formation and the oxygen vacancy formation 

prior to the onset of exsolving metal cations. They proposed two steps of the exsolution 

process involving the first reduction of lattice and the formation of the Schottky defects. Hence, 

the compressive strain was considered to enhance the formation of Fe vacancy, while the 

tensile strain would boost the overall exsolution phenomenon of Fe nanoparticles.  

Regarding the effect of facets, initial studies of Ni-exsolution from A-site deficient lanthanum 

strontium titanates observed preferential growth of Ni nanoparticles on specific facets 76,88. The 
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terraces with three exposed orientations were characterized by AFM, and preferential 

exsolution was observed at the (110) plane of the ceramic bulk compared to the (100) and (111) 

planes, as shown in Figure 2.13 (a). It was suggested that only the (110) plane held the key 

defects of A-site deficiencies, which facilitated nucleation and cation diffusion 76. In later 

research, Kim et al. 196 used the pulsed laser deposition (PLD) method to deposit (001)-, (110)-, 

and (111)-oriented La0.2Sr0.7Ti0.9Ni0.1O3−δ films on differently oriented single-crystalline SrTiO3 

substrates (Figure 2.13.b). In contrast to the polycrystalline ceramic exsolution studies, the 

(001) orientation of epitaxially grown single crystal was proposed as the favoured orientation 

exsolution, and the interfacial energy between the particle and the oriented perovskite lattice 

was considered the dominant factor in the exsolution of single crystal thin films. Similarly, 

Weber et al. 197 observed an enhanced exsolution response of the (001) surface of 

SrTi0.9Nb0.05Ni0.05O3−δ. The different exsolution of different orientations associated with 

orientation-specific surface reconstructions of the polycrystalline thin film was characterized by 

SEM-electron backscatter diffraction (EBSD), showing a sluggish exsolution reaction on rough 

facets other than (001), as shown in Figure 2.13 (c, d). 

 

Figure 2.14 SEM images of the reduced (pure H2, 550 °C, 80 h) La0.2Sr0.7Ni0.1Ti0.9O3−δ films on (a) (LaAlO3)0.3– 
(SrAl0.5Ta0.5O3)0.7 (LSAT), (b) SrTiO3 (STO), (c) DyScO3 (DSO), and (d) GdScO3 (GSO) substrates, respectively; 
Scale bars, 100 nm. (e) Effects of the substrate on three important physical parameters related to the exsolved thin 
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films. (f) Ex-situ cross-sectional STEM-HAADF image and (g) corresponding Ni EDS map of the reduced film on 

LSAT substrate; Scale bars, 10 nm. Reuse under the terms of CC-BY license 194. Copyright 2019, the authors.  

 

Figure 2.15 (a) SEM image of the native surface of a porous La0.4Sr0.4Ni0.03Ti0.97O3-d sample after reduction (5% 
H2/Ar, 930 °C, 20 h); scale bar, 1 mm. (b) 3D AFM reconstruction of a native surface highlighting the calculated 
orientations of the facets. Reuse under the terms of CC-BY license 76. Copyright 2015, the authors. (c) AFM and 

(a)

(c)

(d)

(e)

(b)
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SEM top-view images of as-reduced La0.2Sr0.7Ti0.9Ni0.1O3−δ films of (001), (110) and (111) orientation, and 
corresponding schematics. Scale bars in SEM images are 1 μm and 200 nm in the insets. Adapted with permission 
from 196. Copyright 2019, American Chemical Society. (d) SEM-EBSD analysis reveals differences in the surface 
morphology of SrTi0.9Nb0.05Ni0.05O3−δ perovskite facets with different orientations. (e) EBSD orientation mapping and 
AFM analysis of SrTi0.9Nb0.05Ni0.05O3−δ reduced at 600°C in 4%H2/Ar for 1 hour. Reuse under the terms of CC-BY 

license 197. Copyright 2022, the authors  

Extrinsic factors play a crucial role in the exsolution process, involving multiple parameters 

such as reduction time, temperature, oxygen partial pressure (pO2), electrical potential bias, 

and exotic ionic exchange. As mentioned earlier, the control of reduction conditions, including 

reduction time, temperature, and gas environment, determines the extent of exsolution and the 

morphologies of the exsolved nanoparticles 182,184–186,198. These parameters synergistically 

influenced the vacancy formation, cation diffusion, nucleation, and particle growth 

182,184,185,195,199–201. Apart from controlling the reduction of materials, the application of an 

electrical potential has been reported to significantly promote the exsolution phenomena. For 

instance, Myung et al. 24 utilized the 'electrochemical switching' method by applying 2V across 

a solid-oxide cell with La0.43Ca0.37Ni0.06Ti0.94O3-γ as the electrode in a 50% H2O/N2 atmosphere 

at 900 °C. They observed homogeneously dispersed Ni nanoparticles, with a larger population 

on the surface of the parent perovskite compared to the perovskite electrode reduced in 

5%H2/N2 at 900°C for 20 hours (Figure 2.16). This difference was explained to be related to 

the variations in oxygen partial pressure (pO2) and the simulation of nucleation due to the 

sudden flooding of the perovskite lattice with electrons during voltage application. In a later 

study on Fe-Ni co-doped lanthanum calcium titanates, Fan et al. 202 investigated the influence 

of applied potential shocks on the exsolution phenomenon under various atmospheres. They 

observed both endogenous and exogenous iron and nickel nanoparticles after rapidly bringing 

the perovskite electrodes of a symmetric cell out of its electrochemical stability window at both 

anodic and cathodic shocks. However, reduction at open-circuit potential did not show 

significant exsolution. The formation of endogenous particles under anodic bias was proposed 

to be due to the incomplete oxidation leading to oxygen evolution and local charge transfer. 

 

Figure 2.16 (a) Schematics of conditions used to trigger exsolution in a SOC at the fuel electrode (shaded in blue 
or orange); SEM micrographs of La0.43Ca0.37Ni0.06Ti0.94O3-γ electrodes produced by (b) reduction in hydrogen at 
900 °C for 20 hours and (c) electrochemical switching, under 50% H2O/N2 at 900 °C for 150 seconds. (d) Various 
characteristics results of the samples shown in (b-c). Reuse under permission from reference 24.Copyright 2016, 
Springer Nature. 

(a)

(b) (c)

(d)
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As discussed earlier, the exsolution behaviour is influenced by the difference in elemental 

cations. Another method of tuning and enhancing cation exsolution involves exotically inducing 

cations with a higher tendency to exsolve, as depicted in Figure 2.17. The cation 'swapping' or 

topotactic exchange method has been shown to facilitate the exsolution of the parent 

perovskite 203–205. In this method, the deposition of the guest cation is achieved by infiltrating a 

nitrate solution of Fe on Pr0.5Ba0.5Mn0.85Co0.15O3−δ, followed by annealing in a humidified 

hydrogen environment at 850 °C 203. During this process, Fe dissolves into the underlying 

perovskite lattice due to its relatively higher co-segregation energy compared to cobalt. A 

phase transition from the simple perovskite, Pr0.5Ba0.5Mn0.85Co0.15O3−δ, to layered perovskite 

structure PrBaMn1.7Co0.3-yFeyO5+δ occurs. As a result, not only Co cations are exsolved, but the 

guest Fe cations also form alloy nanoparticles along with the exchanged/exsolved Co cations. 

DFT calculations confirmed the thermodynamically favoured incorporation of Fe into the lattice 

and the exchange of Fe and host Co cations. In a later study, Zhang et al. 206 demonstrated 

that the foreign Fe source and topotactic exchange during the exsolution process of 

Sr2Fe1.3Ni0.2Mo0.5O6-δ highly enhanced the stability of the perovskite scaffold. After long-term 

stability testing as cathodes of SOECs in pure CO2, the Fe-infiltrated electrode showed lower 

amounts of Sr segregation and secondary phases. The degradation of the cathode with 

exsolution was attributed to the breaking of B-O bonds and continuous diffusion of ions driven 

by external voltage, leading to 'structural decomposition.' This was significantly alleviated by 

the re-occupation of exchanged Fe cations. The cation 'swapping' or topotactic exchange 

method offers a promising approach for improving the stability and performance of perovskite 

materials through controlled exsolution processes. 
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Figure 2.17 (a) Schematic of exsolution process with and without topotactic ion exchange. (b) Schematic of 
topotactic ion exchange energetics for the mechanism of particle exsolution via Fe infiltration on the 
Pr0.5Ba0.5Mn0.85Co0.15O3−δ surface. (c) HAADF scanning TEM image of Fe infiltrated the Pr0.5Ba0.5Mn0.85Co0.15O3−δ; 
and EDS elemental map of Pr, Ba, Mn, Co, and Fe; scale bar 20 nm. Reuse under the terms of CC-BY license 203. 
Copyright 2019, the authors. Published by Springer Nature. 

Recently, another extrinsic factor influencing the exsolution process has emerged, namely 

plasma-induced exsolution, which has demonstrated the ability to rapidly create controlled 

nanoparticles on the surface of A-site deficient perovskite oxide even at room temperature 
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207,208. Kyriakou et al. 208 introduced this concept by comparing the morphology of a 

La0.43Ca0.37Ni0.06Ti0.94O3-d sample reduced using conventional hydrogen exsolution and plasma 

reduction, as depicted in Figure 2.18(a). Similar to the 'electrochemical switching' method, 

when subjected to N2 plasma treatment for 1 hour at 650 °C, a rapid exsolution response with 

a high population of Ni nanoparticles was observed, compared to the thermochemical 

hydrogen reduction for 2 hours (Figure 2.18, b-c, f-g). The samples treated with N2 plasma 

were electrically floating, leading to surface charging and the formation of an electron 

accumulation layer. This negatively charged layer was proposed to enhance the nucleation 

process (Figure 2.18, e, h). Subsequently, Khalid et al. 207 further developed the plasma 

enhancement method and reported the exsolution of Ni nanoparticles from a 

La0.43Ca0.37Ni0.06Ti0.94O3-d sample at extremely low temperatures within just 15 minutes, as 

shown in Figure 2.19 (a, b). The exsolution process under plasma treatment is illustrated in 

Figure 2.19(d). Aligning with Kyriakou et al.'s findings, the electric field generated by plasma 

treatment (Figure 2.19.c) was suggested to promote Ni nucleation on the surface. However, 

this work also emphasized a key factor in Ni exsolution under plasma treatment—the ion 

bombardment created a significant number of oxygen vacancies and defects on the 

perovskite's surface, greatly reducing the segregation energy and enhancing the transportation 

of Ni2+ ions. Hence, the plasma exsolution does not require thermal energy to be supplied and 

therefore allows for low temperature exsolution. In general, these novel insights into plasma-

induced treatment offer a new method for the rapid and controlled exsolution of nanoparticles. 

 

Figure 2.18 (a) Schematic of the reactor employed for plasma- triggered exsolution. SEM and TEM images of the 
Ni nanoparticles grown on the La0.43Ca0.37Ni0.06Ti0.94O3-d perovskite surface after (b, c) conventional H2 gas reduction 
for 2 h and (f, g) N2 plasma for 1 h at 650 °C. Schematics of Ni exsolution during e) hydrogen gas reduction and h) 
nitrogen plasma exposure. Reused under the permissions from reference 208. Copyright 2021, John Wiley and Sons. 
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Figure 2.19 (a,b) SEM images of La0.43Ca0.37Ni0.06Ti0.94O3-d after argon plasma treatment (15 min); sketches of (c) 
ion bombardment on perovskite surface with “plasma sheath” region, supporting an electric field and (d) process of 
plasma driven exsolution. . Reuse under the terms of CC-BY license 207. Copyright 2022, the authors. Published by 
John Wiley and Sons. 

2.3.4 Multi-component exsolution  

As discussed in the previous subsection and as illustrated in Table 2.3, the scope of exsolution 

is not limited to monometallic elements; alloy nanoparticles with multiple elements have also 

been reported. These alloy nanoparticles are believed to possess higher catalytic activity and 

stability compared to monometallic nanoparticles due to the modification of their electronic 

structures 209,210. In the study of Co-Ni exsolution from PrBaMn1.7Co0.1Ni0.2O5+d, Kwon et al. 211 

proposed two mechanisms for the exsolution of alloy nanoparticles, as depicted in Figure 2.20. 

The first mechanism, termed 'bulk alloy formation', involves the pairing of two metal cations 

with oxygen vacancies (e.g., Co–Ov–Ni) before their segregation out of the perovskite structure. 

The second mechanism, termed 'surface alloy formation', describes the individual segregation 

of two types of cations with oxygen vacancies (e.g., Co-Ov-Co and Ni-Ov-Ni), followed by the 

formation of a Co–Ov–Ni alloy with neighbouring atoms on the surface. DFT calculations of 

Gibbs energies of co-segregation indicated that both mechanisms are thermodynamically 

favourable, while the 'surface alloy formation' being more energy preferred for Co-Ni exsolution 

from PrBaMn1.7Co0.1Ni0.2O5+d in terms of aggregation energy. In-situ XRD experiments 

conducted in a humidified H2 atmosphere provided evidence for the individual exsolution of Ni 

and Co, followed by the formation of an alloy phase as the temperature increased.  

In a subsequent study involving Co-doped Sr2Fe1.5Mo0.5O6−δ
212, alloy nanoparticles of Co-Fe 

were observed after reduction in a 5% H2/Ar atmosphere at 800 °C. DFT calculations indicated 

segregation energies of −0.64 eV and 0.91 eV for Co and Fe with oxygen vacancies, 

(a) (b)

(c) (d)
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respectively. Consequently, the exsolution of Fe cations was considered to be facilitated and 

promoted by the generation of cation defects and oxygen vacancies due to the prior exsolution 

of Co cations.  

Another pathway of synthesising alloy nanoparticles with the exsolved anchorage structure is 

via topotactic exchange. As illustrated in Figure 2.17, the exsolved Ni cations combined with 

the exotic Fe cations, forming alloy phase under the reducing atmosphere 203. Differentiated 

with the doping and thermal reduction method, the alloy phase exsolved through topotactic 

exchange is partially from exotic cation sources.  

 

Figure 2.20 Schematic illustrations and energetics of (a) bulk alloy formation and (b) surface alloy formation for the 
exsolution of alloy nanoparticles. Reused under permission from reference 211. Copyright 2018, Royal Society of 
Chemistry.  

Beyond the exsolution of homogeneously distributed alloy nanoparticles, instances of 

nanoparticles with heterogeneous structures have also been observed and reported. A notable 

example is the core-shell structure of Pd@NiO nanoparticles resulting from the reduction of 

LaFe0.6Ni0.3Pd0.1O3−δ perovskite at 550 °C in a 5%H2/N2 environment (Figure 2.21 a-d). 

Temperature programmed reduction (TPR) in 5%H2/N2 revealed a two-step reduction process. 

This, combined with microscopic observations, led to the proposition of a subsequent 

exsolution mechanism for Pd@NiO nanoparticles (Figure 2.21 a). According to this proposed 

mechanism, a Pd core is initially formed within the bulk, followed by the deposition of a Ni shell, 

which subsequently moves out together with the Pd core. This process leaves behind slight 

amounts of lanthanum oxide as side products. In a more recent study, Jo et al. reported the 

formation of multi-heterogeneous Fe-Cu nanoparticles from La0.43Sr0.37FexCu0.12-xTi0.88O3-δ 

perovskite compounds. The nanoparticles exhibited various structures, including hetero-

structures, crescents, and Janus structures, as shown in Figure 2.21(e). The specific structure 

was found to be dependent on the ratio of Fe to Cu dopants. For instance, when the Fe to Cu 
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ratio was lower (Fe25), a hetero-structured exsolved nanoparticle with a limited amount of Fe 

exsolution was observed (Figure 2.21 e-i). As the Fe to Cu ratio increased to 1:1 (Fe50), the 

exsolved nanoparticles exhibited a crescent structure (Figure 2.21 e-ii), indicating slower 

exsolution of Fe in comparison to Cu. Remarkably, when the Fe to Cu ratio was 3:1 (Fe75), 

leading to a predominance of Fe, Jenus structured nanoparticles were exsolved. These Janus 

structured nanoparticles demonstrated excellent catalytic activity for fuel oxidation and CO2 

reduction. In line with prior investigations into alloy exsolution, TPR analysis revealed the 

earlier exsolution of one component, which was copper in this case. This observation led to 

the proposal of a seed growth mechanism. In this mechanism, the initially exsolved Cu 

nanoparticles serve as heterogeneous nucleation sites that subsequently trigger the exsolution 

of Fe cations. The immiscibility of Fe and Cu then results in the formation of multi-

heterogeneous structures. The discovery and understanding of nanoparticles with alloy 

composition and heterogeneous structures expand the possibilities for tailoring exsolution with 

enhanced functionalities for a range of applications, particularly in catalysis and energy 

conversion. 

 

Figure 2.21 (a) Schematic representation of the crystallization mechanism for Pd core exsolution and asymmetric 
Ni shell growth. (b-d) STEM-EDX images showing TEM particles in the last three stages of the proposed mechanism 
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in (a); Scale bar 5 nm. Reused under permission from reference 195. Copyright @ 2019, Royal Society of Chemistry. 

(e) TEM and STEM-EDX elemental mappings of Fe25, Fe50, and Fe75 reduced at 800 ℃ for 12 h in a dry H2 

atmosphere. Reuse under permission from reference 196. Copyright @ 2022, Elsevier. 

2.4 Summary  

This chapter provided a comprehensive review of synthesis methods, crystal structures, and 

potential applications of ruthenium-based and titanium-based double perovskite materials, 

identifying them as promising candidates for SOC electrodes. The subsequent discussion 

delved into the exploration and advancement of the exsolution technique, focusing on key 

factors and mechanisms. Through exsolution, properties of parent oxides or perovskites were 

significantly enhanced, including catalytic activity, stability, and resistance to coking, achieved 

by incorporating exsolved metal nanoparticles. These distinct properties hold substantial 

potential for enhancing the performance of electrochemical devices. The review highlights the 

advantages of integrating exsolution into ruthenium-based and titanium-based double 

perovskite materials as potential electrodes for SOCs. 
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Chapter 3 Experimental Methods 

3.1  Introduction 

To comprehensively understand the materials and phenomena, multiple experimental methods 

and characterisation techniques were used and discussed in this research. This chapter 

discusses the experimental procedures and background of the techniques covered throughout 

this thesis.   

3.2 Materials synthesis 

Many routes can be used in the synthesis of perovskites materials, including solid-state 

reaction, co-precipitation, hydro-thermal, spray drying and sol-gel method etc 213. Solid-state 

synthesis and sol-gel synthesis routes are utilized and discussed in this work. 

3.2.1 Solid-state reaction 

Solid-state reaction method is a well-known and conventional synthesis method for metal oxide 

compounds214. It is attractive because of the simple operation in this method, which usually 

includes the mechanical mixing of the precursor powders, high-temperature heat treatments 

and several intermediate grindings213.  

However, the solid-state reactions require elemental diffusion to form a new phase, which is 

usually sluggish and easily leads to incomplete reactions as Figure 3.1(a) shows. Therefore, it 

is common to use a high temperature and prolonged thermal treatment commonly in excess 

of 24h to react the entire mixture of precursors215. An inherent disadvantage reported of this 

method is that high reaction temperature can result in high vapor pressure and uncontrolled 

stoichiometry214, due to the chemical loss during the heat treatment.   

In this work, solid-state reaction was adopted to synthesize the lanthanum nickel ruthenate 

double perovskite compositions. Stoichiometric amounts of lanthanum oxides, nickel oxides 

and ruthenium oxides were weighed and manually mixed with a mortar and pestle.  Due to the 

high hygroscopicity of lanthanum oxides, the lanthanum oxide precursor was dried in a muffle 

furnace at 1000°C for 6 hours before mixing. Product mixtures of the precursor oxides were 

calcined and sintered at specific temperatures with several intermediate manual grinding steps. 

The phases and crystallinity were checked with powder X-ray diffraction, which will be 

discussed later in this chapter and in Chapter 4.  

3.2.2 Sol-gel synthesis 

Compared to the solid-sate reaction, an advantage of the sol-gel method is the localized 

homogenous distribution of ions in precursors. The local stoichiometry and short diffusion 

paths facilitate the reaction and formation of nano-sized crystals. Besides, sol-gel method is 



68 
 

also energy efficient and requires lower reaction temperature and shorter heat-treatment time 

compared to solid-state reaction214. 

Different sol-gel routes with variable chelating agents have been reported, such as hydrolysis 

reactions, citric-gel process, stearic acid sol-gel method, polyvinyl alcohol assisted sol-gel 

method and so forth214. In this work, a citrate-nitrate route216,217, as Figure 3.1(b) shows, was 

used for the synthesis of lanthanum nickel ruthenates and lanthanum nickel titanates. Similar 

to the previously reported citric-gel process by De Buysser et al.218, citric acid was used in this 

work as the chelating agent. The metal cations are linked by citric acid and form a three-

dimensional network of metal-citrate complexes213,218. The stoichiometric amount of lanthanum 

nitrate, nickel nitrate and ruthenium nitrosyl-nitrate were dissolved in 10 wt% citric acid. Unlike 

some of the reported sol-gel synthesis217,218, precipitation was not observed in this process. 

Hence, ammonia solution or ethylene glycol is not required for the pH adjustment11,217,218. The 

gelation was achieved by pyrolysis of metal nitrate-citrate solution at 300°C. The gel then 

underwent decomposition and combustion in static air at 600°C for 6 hours, to make sure of 

the removal of the organic components and the formation of the first-stage amorphous oxides 

or nano-crystallites217. Then the product metal oxides were calcined at specific temperatures 

for the final stabilization and crystallization of the perovskite phases. For the synthesis of the 

titanate samples, due to the insolubility of the titanium source, titanium dioxides, the continuous 

stirring were implemented during the whole gelation process to make a homogenous 

dispersion of the titanium dioxides. The detailed parameters and discussion of the synthesis 

will be included in Chapter 4 and Chapter 7.  

 

Figure 3.1 (a) schematic of solid-sate reactions particle diffusion. Reused under permissions from reference 197. 
Copyright 2016, Elsevier. (b) schematic of sol-gel method with citric acid as chelating agent201. Reused under terms 
and conditions of CC-BY license. Copyright 2016, authors. Published by Royal society of chemistry.  
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3.2.3 Exsolution thermal treatment  
To promote the exsolution of the synthesised pristine double perovskite, it has been reported 

that the thermal treatment of the sample is required under reducing conditions 200,203,219–222. In 

this work, 5% H2/Ar gas as balanced was used to drive the exsolution of nanoparticles from 

the double perovskites. Instead of pure hydrogen, incorporating 5% H2/Ar is safer for use in 

lab equipment and less aggressive during the reduction treatment process. After synthesis, 

powder samples were pressed into green pellet bodies and heated in a tube furnace with 5% 

H2/Ar gas flowing to the target temperature with 2°C/mins as heating rate, then cooled with 

5°C/mins rate. The products of reduction treatment were investigated by multiple techniques 

as discussed in Chapter 3.3. 

3.2.4 Test-cell fabrication  
To investigate the electrochemical properties and performance of synthesised double 

perovskite materials, symmetric cell impedance spectroscopy tests and single button cell tests 

were utilized in this work. The details of electrochemical impedance spectroscopy (EIS) 

measurements and single fuel cell test measurements are discussed in Section 3.3.5. The 

preparation of symmetric cells and single button cells are discussed as below.  

3.2.4.1 Symmetric cell preparation  

The application of EIS to symmetrical cells, consisting of identical electrodes and a dense 

electrolyte, was firstly introduced by J. E. Bauerle 223 in 1969. Now the symmetric cell test is a 

commonly used test to evaluate the electrochemical performance of the solid-state cells, using 

the same conditions on both sides of an electrolyte. This test is useful in providing information 

on the intrinsic properties of the electrode materials, as it eliminates any differences in 

performance that might be due to differences in the anode and cathode materials11. The 

symmetric cell test can also provide a baseline measurement for comparison with asymmetric 

cell tests, where different materials are used for the anode and cathode. 

3.2.4.1.1 Electrolyte fabrication  

The symmetric cells test in this project were configured by dense lanthanum strontium gallium 

magnesium oxide (La0.8Sr0.2Ga0.8Mg0.2O3-X, LSGM) electrolyte pellet and identical double 

perovskite electrodes. Compared to yttria-stabilized zirconia (YSZ), LSGM was selected as the 

appropriate electrolyte due to its outstanding ionic conductivity, particularly at temperatures 

below 800°C. For fabrication of dense electrolyte pellets, commercial LSGM powder was 

pressed into 13mm diameter green bodies by uniaxial pressure, followed by sintering in static 

air at 1400°C for 8 hours. To increase the contact between electrolyte and electrode materials 

and obtain flat electrolyte surfaces, the sintered LSGM pellets were polished to 200~500 µm 

thickness using SiC paper with grit size P800, 1000 and 1200  224. The polished electrolytes 

were ultrasonically cleaned by acetone and annealed in static air at 800°C for 1.5 hours to 
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remove the residual carbonates. Then the product electrolytes after annealing were ready for 

ink deposition.  

3.2.4.1.2 Electrode ink preparation  

Electrode inks were prepared by ball-milling, mixing and triple-roll milling. The synthesized 

electrode materials were milled using a planetary ball mill (XIAMEN TOB NEW ENERGY 

TECHNOLOGY CO., LTD. Model No.TOB-YXQM-4L) at 300 rpm for 8 hours. 3mm, 1mm, 

0.5mm and 0.3mm diameter zirconia balls were combined during the milling process, as larger 

balls are more efficient in grinding and breaking materials whereas smaller balls were adopted 

for milling fine powder 225. The product powder possesses an average grain size of 263(±60) 

nm in diameter within the resulting electrode layer. The ball-to-powder ratio (BPR) was kept as 

10:1 226 in the ball milling experiments. The synthesized powder was ground and milled with 

acetone solvents, and then acetone was removed by vacuum drying at 180°C. 

Then the ball-milled electrode powder was mixed with commercial Terpineol based ink vehicle 

(Fuelcellmaterials, USA). The viscosity of the electrode ink, porosity and microstructure of 

electrode are highly dependent on the ratio of ink vehicle to powder 227. The 2:1 powder to ink 

vehicle ratio was used in this project according to previous investigations 11. Triple roll milling 

(EXAKT Technologies, Inc. 80E, USA) was used to homogenously disperse the sample powder 

in electrode ink and remove agglomerates. Three cylindrical rollers are used to shear, squeeze, 

and grind the ink ingredients into a homogeneous mixture in the triple roll milling machine. The 

product ink then was collected by a scraper and stored in a fridge before ink deposition.  

3.2.4.1.3 Ink deposition  

The electrode ink was deposited by lab-customized screen-printing method. A small hole was 

cut in a scotch tape, then used as a stencil to print electrode ink on to the dense electrolyte 

pellet. Viscous electrode ink was dropped into the hole area and distributed using a blade. In 

this method, the thickness of the printed electrode is controlled by layers of scotch tape. To 

make sure the functional layer is thick enough for the electrochemical performance test 228, two 

layers of scotch tape were used. The microstructure and thickness of the electrodes will be 

discussed in Chapters 5 and 6. The printed electrode was dried and sintered at 950°C for 1.5 

hours. The contact between electrolyte and electrode was tested by tape testing method by 

adhering scotch tape and peeling it from the electrode layer, which is also referred to as the 

180° peel test 229. The sintering temperature needs to be sufficient to form sintering necks 

between particles, yet it should not be too high to avoid losing the porous structure. After testing 

different sintering temperatures (750°C, 850°C, and 950°C), a sintering temperature of 950°C 

for 1.5 hours was selected as the standard procedure 230,231. Qualified symmetric cells were 

printed with silver current collectors for the electrochemical impedance measurement, as 

discussed later in Section 3.3.5.1.  
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3.2.4.2 Single cell fabrication  

In contrast to the symmetrical cell test, the single-button cell test in this project employs 

asymmetric components and a gas atmosphere on both sides of the electrolyte. This approach 

is utilized to assess the performance of electrode materials under conditions to those found in 

operational full cells. The single button cells were fabricated using a similar method to the 

electrolyte fabrication, electrode ink preparation and deposition with symmetric cell. The only 

difference is that the lanthanum strontium cobalt ferrite (La0.8Sr0.2Co0.8Fe0.2O3-δ, LSCF8282) 

materials (Praxair Ltd.)  were printed on the cathode side and calcined at 850°C for 2 hours 

after sintering of the anode materials. The details of the single cell tests will be discussed later 

in this chapter.  

3.3 Materials characterisation  

To comprehensively understand and investigate the synthesised and reduced double 

perovskite materials, multiple techniques including X-ray techniques, thermal analysis, 

microscopy, and electrochemical tests were utilised to characterise the material and fabricated 

cells.  

3.3.1 X-ray characterizations 
Since the first discovery of X-rays by Wilhelm Röntgen in 1895, various methods for the 

characterization of essential information regarding metals, minerals, ceramics, biological 

materials, and electronic materials have been developed based on X-ray sources 225. X-rays 

are conventionally generated by converting the kinetic energy of charged electrons to atom 

excitation and radiation of a target metal, typically copper, molybdenum, or aluminum. The 

possible interactions between the generated X-rays and samples include penetration, 

absorption, and scattering. In these interactions, the energy of the X-rays can either be 

elastically scattered without energy loss, or lose energy through inelastic scattering or 

absorption, or generate photoelectrons. Based on different interactions of the X-ray source and 

sample, techniques including X-ray diffraction, X-ray photoelectron spectroscopy, X-ray 

fluorescence, Small Angle X-ray scattering, and X-ray absorption spectroscopy have been 

developed to qualitatively and quantitively investigate materials. In this project, X-ray diffraction 

(XRD) and X-ray photoelectron spectroscopy (XPS) are utilized to obtain information regarding 

the crystal structure and chemical composition of the materials.  

3.3.1.1 X-ray diffraction (XRD) and refinement  

X-ray diffraction (XRD), as a non-destructive analytical technique, was employed to ascertain 

the phases and crystal structure of materials in this project. The XRD patterns obtained were 

analysed using Le Bail 232,233 and Rietveld refinement 234,235 methods to determine the lattice 

parameters, atomic ordering information, and percentage of phases present. 



72 
 

3.3.1.1.1 X-ray diffraction (XRD) 

X-ray diffraction is based on the elastic scattering of X-rays to characterise the structure of 

crystalline materials, by passing a beam of X-rays through the sample surface and collecting 

the scattered beam with a radiation detector on the other side. The wavelength of the 

generated X-ray is of the same order as the spacing of the lattice planes, so that the scattered 

X-rays can add together and reinforce each other to yield diffraction.  

In 1913, William Henry Bragg and his son William Lawrence Bragg proposed the formulation 

of constructive interference of the diffracted X-ray, which as known as Bragg’s law 236. This 

formulation delineates the relationship between the atomic spacing and the wavelength of the 

incident X-rays when constructive interference transpires. As Figure 3.2 illustrates, the path 

differences of the incident beam can be described by the atomic spacing, d, and the 

incident/scattered beam angle, θ. When the path difference satisfies the condition of 

constructive interference, that is, equal to an integral multiple of wavelength λ, a coherent 

enhanced beam can be detected by the radiation detector, as described by Equation 3-1.  

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 3 − 1 

 

 

Figure 3.2 Schematic illustration of Bragg's law 

Based on Bragg's law, one can calculate the atomic spacing, dhkl, for a given lattice plane with 

a known incident beam wavelength, λ, and scattered beam angle, θ, hence the dimension of 

unit cell can be derived. The intensity of the diffracted X-rays for each plane is dependent on 

a variety of factors, including the scattering factors of the atoms, the symmetry of the crystal 

structure, and the experimental setup. The relative intensities of planes, which are usually 

described with Miller indices (h,k,l), are proportional to the square of the structure factor, Fhkl: 

𝐼ℎ𝑘𝑙 ∝ |𝐹ℎ𝑘𝑙|
2 3 − 2 

𝐹ℎ𝑘𝑙 =∑𝑓𝑗𝑒
2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)

𝑁

𝑗=1

3 − 3 
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Where the unit cell of the crystal is defined with N atoms and each atom, j, possesses fractional 

coordinates (xj, yj, zj) and the scattering factor, fj, which is related with the electron density of 

the atom. The calculation of the structure factor for certain planes can result in zero structure 

factor and hence zero diffracted beam intensity, indicating the presence of additional 

destructive interference of the scattered X-rays due to the symmetry of the lattice. This 

phenomenon is known as systematic absence. For instance, in the case of a face-cantered 

cubic unit cell with identical atoms, diffracted intensity is observable only when the sum of the 

plane indices (h, k, l) equals an even integer, as shown in Equation 3-4.  

𝐼ℎ𝑘𝑙 ∝ |𝐹ℎ𝑘𝑙|
2 = 𝑓2[1 + cos𝜋 (ℎ + 𝑘 + 𝑙)]2 

= {
4𝑓2(ℎ + 𝑘 + 𝑙 = 𝑒𝑣𝑒𝑛)

0(ℎ + 𝑘 + 𝑙 = 𝑜𝑑𝑑)
3 − 4 

Consequently, by analysing a set of the diffracted X-ray intensity and peak positions, it is 

possible to index the sample to a specific crystal structure. The X-ray diffractometers used in 

modern laboratories typically employ an X-ray tube with a tungsten filament cathode to produce 

accelerated electrons that are directed towards a copper target. The interaction of the 

accelerated electrons with the copper target excites the K orbital electrons of the copper atoms, 

resulting in the emission of X-rays by refilling the K-shell with electrons from higher orbitals. 

The characteristic lines of the Cu X-rays are denoted as Kα and Kβ with wavelength 1.5406 Å 

and 1.3922 Å, respectively. To ensure that the incident beam is monochromatic, a nickel filter 

is utilized to minimize the Kβ line and parts of the Bremsstrahlung radiation. In addition, it should 

be noted that the incident X-ray beam contains two lines, Kα1 and Kα2, with a 2:1 intensity ratio. 

As a result, the high angle diffracted peak of a same lattice plane exhibits splitting. 

PANalytical X’Pert Pro MPD diffractometer was used in this project with Bragg-Brentano 

geometry, in which the sample is kept horizontally in the centre of the diffractometer and X-ray 

source and detector rotate together during the measurement. A zero-diffraction silicon plate 

was utilized to hold the powder sample. For the pellet sample, a rotating mode was utilized, 

wherein the sample plates were rotated to ensure that all lattice planes diffracted the beam. 

The sample was measured under an angular range from 15° to 100° with 0.016° as step size.  

3.3.1.1.2 Diffraction Pattern refinement  

The XRD pattern obtained from the sample crystal was referenced with databases such as the 

Inorganic Crystal Structure Database (ICSD)237 to determine its general structural information. 

Additionally, a comprehensive analysis involving full pattern fitting was conducted to extract 

further information regarding the crystal structure. The refinement of XRD data is achieved 

through the implementation of a least-squares method, wherein the computed diffraction 

pattern is systematically compared to the experimental results. The crystal model is iteratively 

refined until the difference between the calculated and experimental patterns is minimized. In 



74 
 

this project the iteration was stopped when the shift of the refined parameter was ten times 

smaller than the estimated standard deviation. 

Fullprof software 238 was employed to perform XRD pattern refinement in this project, utilizing 

both the Rietveld and Le Bail methods. The Rietveld method 235 simultaneously refined 

instrumental parameters, lattice parameters, and atomic factors by fitting the calculated and 

observed pattern. In contrast, the Le Bail method 239 extracted peak intensities from the 

observed pattern rather than calculating them from the atomic factors, ensuring the accurate 

refinement of the unit cell structure and lattice parameters.  

Le Bail method  

In this project, Le Bail refinement was used to check the phase purity and refine the lattice 

parameters. The result of Le Bail refinement was also adopted as a start point of further 

Rietveld refinement. Linear interpolation of the selected background intensity was employed 

to determine the background intensity. The peak shapes were refined using a Pseudo-Voigt 

function, which is a linear combination of Gaussian and Lorentzian functions. Additionally, 

instrumental factors such as systematic shifts caused by the displacement of the sample 

mounting were also refined. The goodness of fitting is evaluated with agreement factors: the 

R-factor of the profile (Rp), the weighted profile R-factor (Rwp), and the expected R factor (Rexp) 

240. The Rp value is determined as the absolute differences between the intensity values 

obtained from experimental observations and those calculated from theoretical models, as 

demonstrated by Equation 3-5 241. Meanwhile, the Rwp value is computed as the weighted sum 

of the squared differences between the observed and calculated intensity values, as shown in 

Equation 3-6. The Rexp value, which illustrates the optimal Rwp attainable for a given data set, 

is calculated using Equation 3-7. The Rexp value is considered a reflection of the quality of the 

data set. Thus, a statistic parameter, χ2, is introduced as ‘good-of-fit’ (Equation 3-8), indicating 

the degree of agreement between the observed and calculated intensity values, which is also 

usually included to evaluate the quality of refinement 240,242.  

𝑅𝑝 =∑ |𝑌𝑜𝑏𝑠,𝑖 − 𝑌𝑐𝑎𝑙𝑐,𝑖|
𝑖

/∑ 𝑌𝑜𝑏𝑠,𝑖
𝑖

3 − 5 

Where Yobs,i and Ycalc,i are the observed and calculated intensity of each data point i.  

𝑅𝑤𝑝 = √∑ 𝑤𝑖(𝑌𝑜𝑏𝑠,𝑖 − 𝑌𝑐𝑎𝑙𝑐,𝑖)
2

𝑖
/∑ 𝑤𝑖𝑌𝑜𝑏𝑠,𝑖

2

𝑖

2

3 − 6 

Where Yobs,i and Ycalc,i are the observed and calculated intensity of each data point i, and wi is 

the weighted factor.  
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𝑅𝑒𝑥𝑝 = √(𝑁 − 𝑃)/∑ 𝑤𝑖𝑌𝑜𝑏𝑠,𝑖
2

𝑖

2

3 − 7 

Where Yobs,i are the observed intensity of each data point i, wi is the weighted factor, N is the 

number of the observed points and P is the number of parameters.  

𝜒2 = 𝑅𝑤𝑝/𝑅𝑒𝑥𝑝 3 − 8 

Rietveld method  

In order to ensure the quality of the XRD data that will be subjected to Rietveld refinement, a 

modified setup was utilized. This setup involved the use of narrowed slits, a small step size of 

0.008°/0.004°, and a prolonged scanning time of 5 hours/16 hours 242. Similar with the Le Bail 

method, the background, instrumental factors, lattice parameters and peak shapes were 

refined with the same functions. Three R-factors and ‘good-of-fit’ factor were used to estimate 

the quality of refinement fitting, as mentioned before. Additionally, in Rietveld method, atomic 

parameters and scale factors were also refined to obtain the elemental information of the 

sample, including occupancies, atomic positions and thermal factors. In the refinement 

operations, the refined parameters were refined as follow order: linear interpolation 

background points; instrumental factors including zero factor and displacement factor; lattice 

parameters; peak shape; atomic positions; thermal factors and occupancies.  

To obtain the accurate refinement result, constraints were incorporated into the structure during 

refinement. For the double perovskite structure, the monoclinic structure with space group P 

21/n was used as the model of Rietveld refinement in this project. The fractional positions of B-

site cations in this structure were fixed according to the space group as (0, ½, 0) and (½, 0, 0) 

and remained unrefined. Moreover, in order to define the ordering of the B-site cations, it was 

assumed that the occupancy of both (0, ½, 0) and (½, 0, 0) were full and the number of cations 

of each element was constrained to remain the initially designed concentration in the materials. 

For example, for a double perovskite in which Ni and Ru occupied the B-site position, when 

the number of Ni cations increased at one site, the same number of Ni cations decreased on 

the other site. Additionally, the thermal factor of one site position was constrained to be the 

same, even if two or three elements occupied the same site. Details of the refined result will 

be discussed in Chapter 4 and 6.  

3.3.1.2 X-ray photoelectron spectroscopy (XPS) 

The second X-ray characterization technique applied in this project is X-ray photoelectron 

spectroscopy (XPS), which is a surface sensitive technique to analyse the elemental 

composition and the chemical information of the materials.  
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As mentioned before, the XPS technique is based on the inelastic interaction between the X-

ray and sample. The incident X-ray beam caused excitations of the sample atoms, resulting in 

converting the energy of photons into the kinetic energy of photoelectrons, associated with 

some deexcitation phenomena. The average probing depth of XPS is 5-10 nm 243, which 

depend on the energy of X-ray, the kinetic energy of core-level electrons, the secondary 

electron escape depth from materials and the escaping angle of electrons. As Figure 3.3 below 

shows, the interaction involves irradiating the surface of a material with monochromatic X-rays, 

which causes the ejection of photoelectrons from the surface atoms. The kinetic energy and 

number of photoelectrons emitted are then measured to determine the binding energy and 

concentration of the atoms in the material. The core-level binding energy, EB, can be calculated 

with the incident beam energy, hν, the kinetic energy of photoelectron, Ekin, and the working 

function of the material as Equation 3-9 shows:  

𝐸𝐵 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 −𝛷 3 − 9 

 

Figure 3.3 Schematic illustration of the fundamental principles of XPS: the Photoelectric effect. 

The most common sources of X-rays are Al or Mg anodes, which utilize the characteristic Kα 

line. The primary line energy of Al anode is 1486.6 eV, which is sufficiently high to excite core 

level electrons from the vast majority of elements 244. For this project, a Thermo Fisher K-

Alpha+ X-ray photoelectron spectrometer was utilized, which employs a monochromatic Al Kα 

micro-focused X-ray source.  

Thermo Fisher K-Alpha+ X-ray photoelectron spectrometer utilizes a 180° double-focusing 

hemispherical analyser and a 128-channel detector. A schematic view of the spectrometer with 

a hemispherical electron analyser is shown in Figure 3.4. The X-ray beam is focused on the 

sample with a spot size of 400 µm2, generating photoelectrons near the sample's surface that 

exit into the vacuum and the hemispherical analyser. The hemispherical analyser measures 

the current of photoelectrons as a function of their kinetic energies. Voltages were applied to 

the entrance slit of the hemispherical analyser to make sure only the electrons with specific 

energy, i.e.the pass energy, was able to travel through the analyser. Electrons with higher or 

lower energy would collide with the inner or outer hemispheres226. Then, the photoelectrons 
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with specific kinetic energy can be measured. In this project, the pass energy used was 200 

eV. 

 

Figure 3.4 Schematic view of the photoelectron spectrometer with a hemispherical electron energy analyser. 

Reused under terms and conditions of CC-BY license 244.. Copyright 2020, authors. Published by Elsevier. 

As mentioned before, the binding energy EB can be determined using Equation 3-9, which 

requires knowledge of the incident X-ray energy, hv, the kinetic energy Ekin, and the 

workfunction Φ. However, it is not possible to directly measure the work function of the sample. 

Therefore, in spectroscopy, a conductive sample holder is used to align the Fermi energy of 

the sample with that of the spectrometer. As Figure 3.5(a) below shows, the spectrometery 

measures the ΦSP and Ekin
SP rather than the directly measuring ΦSA and Ekin

SA. However, poor 

conduction between the sample and the spectrometer may result in a shift of the Fermi level 

and false measurements, as illustrated in Figure 3.5(b). Additionally, the loss of core electrons 

in an insulating sample can also cause a shift in the Fermi level. To mitigate this issue, a flood 

gun was used during the measurement, indicated by the "charge neutralizer" on top of the 

sample in Figure 3.4. 
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Figure 3.5 Energy level diagrams of sample and spectrometer with (a) good electric contact and (b) poor or no 
electric contact225.ΦSA represent the work function of sample, while ΦSP represent the work function of spectrometer; 
EB

F represent the binding energy respect to energy position of EF of Femi lever (FL); Ekin
SA  represent the kinetics 

energy of photoelectron after leaving the sample, while Ekin
SP represents the kinetic energy measured at the 

spectrometer; VC represents the contact potential difference of sample and spectrometer; EVAC
SA and EVAC

SP 
represent the vacuum level energy of sample and spectrometer respectively. Reused under terms and conditions 
of CC-BY license 244.. Copyright 2020, authors. Published by Elsevier. 

In addition to the photoelectric effect, the interaction of X-rays with the sample yields various 

side phenomena, including the Auger effect and X-ray fluorescence. As illustrated in Figure 

3.6, unlike the photoelectric effect, Auger electrons are generated by the excess energy 

released during the refilling of core levels. Auger electrons were also analysed to investigate 

the nickel element further, particularly since the commonly studied core levels overlapped with 

others in the multiple element systems in this project.  

 

Figure 3.6 Schematics of the X-ray induced photoelectronic effect and resulted Auger effect. Reused under 

permission from reference 245.  Copyright 2020, AIP publishing.  

In this study, survey spectra were acquired in the energy range of -5 eV to 1350 eV, with a 0.5 

eV increment per energy step, for five scans, each with a 5ms dwell time. The La 3d, Ni 2p, 

Ru 3d, Ru 3p, O 1s and Ti 2p spectra were measured with a 0.1 eV increment per energy step, 

for 50 scans, each with a 50ms dwell time, in their respective energy ranges. Due to the low 

signal of Auger peak, Ni LMM Auger spectra were acquired with 150 scans and 150ms dwell 
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time for each scan. The analysis of XPS spectra was performed using Themo Fisher Avantage 

software.  

3.3.2 Thermal analysis (TA) 
Thermal analysis (TA) is a branch of analytical chemistry that involves measuring the physical 

and chemical properties of materials as they undergo controlled temperature changes. It is a 

widely used technique that can provide insights into various properties of materials, including 

their thermal stability, decomposition behaviour, melting characteristics, glass transition 

temperature, phase transitions, and other thermal properties. The most commonly used TA 

techniques include thermogravimetry (TG), differential thermal analysis (DTA), differential 

scanning calorimetry (DSC), thermomechanical analysis (TMA), and dilatometry 246. In this 

project, both thermogravimetry and dilatometry techniques were utilized to investigate the 

sintering behaviour and exsolution properties of double perovskite materials under reducing 

atmosphere. These techniques allowed for the characterization of the materials' thermal 

behaviour, providing valuable insights into their properties and behaviour under various 

thermal conditions.  

3.3.2.1 Thermogravimetry (TG) 

Thermogravimetry (TG) is a thermal analysis technique that measures the mass change of a 

sample as a function of temperature or time. In this project, the TG curves were obtained using 

a Netzsch 449c F5 TA system equipped with a TG-DSC stage, using alumina powder as 

reference, as shown in Figure 3.7. The measurements were carried out using Pt crucibles. To 

ensure sufficient redox interaction between the sample and the atmosphere, the chamber was 

purged with compressed gas or 5% H2/Ar at a flow rate of 60 ml/min. 

 

Figure 3.7 A schematic view of the TG-DSC stage of Netzsch 449c F5 system. 
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To ensure the accuracy of the TG measurements, correction profiles were obtained by 

measuring empty sample crucibles before each sample measurement. The same temperature 

program was applied to the correction file to measure the instrumental influence on the TG 

signal change. This step was taken to correct any instrumental vibration or baseline shifts, 

which could have affected the accuracy of the measurements.  

3.3.2.2 Dilatometry 

Dilatometry is a widely used method for characterizing the dimensional changes of materials 

as a function of temperature. This technique is often employed to investigate the thermal 

expansion or sintering behaviour of materials. As shown in Figure 3.8, the sample was placed 

on a sample holder connected to a pushing rod and displacement system, which was covered 

by a furnace during the measurement. The displacement system was used to measure the 

length changes of the sample during the heating. In this study, a dilatometer was employed to 

initially investigate the sintering behaviour of the lanthanum nickel ruthenate double 

perovskites. 

 

Figure 3.8 A Schematic diagram of a dilatometer. 

3.3.3 Electron microscopy (EM) 
In conjunction with X-ray characterization and thermal analysis techniques, electron 

microscopy was employed to investigate the nano- and micron-scale features of the materials. 

Electron microscopy is a potent imaging technique that utilizes a beam of high-energy 

electrons to illuminate a sample and generate a highly detailed image of its structure. According 

to the Rayleigh criterion (Equation 3-10 resolution is enhanced by decreasing wavelength 247. 

High-energy electrons can possess wavelengths smaller than 0.01 nm, making them adept at 

investigating small features that are invisible to optical microscopes.  

𝛥𝑙 = 1.22𝑓
𝜆

𝐷
3 − 10 

Where f is the focal length of the objective lens, λ is the wavelength of the beam and D is the 

diameter of the aperture. 
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As shown in the Figure 3.9, if the specimen is thin enough, the primary electron beam can 

transmit through the specimen and be detected by the transmission electron microscopy (TEM) 

detector located beneath it. The elastic or inelastic scattering of the primary electron beam 

generated the contrast with the information of crystalline, mass, thickness, and phases 248.  

Additionally, a portion of the primary electrons are elastically scattered back, referred to as 

'backscattered electrons,' which is highly influenced by the atomic number of the specimen 

(Figure 3.9). Furthermore, the inelastic interaction between the electron beam and the 

specimen generates secondary electrons within a short distance of the surface. The 

backscattered electrons and the emitted secondary electrons are scanned by the scanning 

electron microscopy (SEM) detector above the specimen. In this project, SEM was used to 

collect secondary electron signals to investigate the microstructure and topography of the 

samples.  

Scanning transmission electron microscopy (STEM) was also employed in this project, using 

a focused beam as small as a spot that was scanned across the specimen while acquiring 

signals. Combined with the STEM mode, X-ray detectors were positioned near the specimen 

to collect the generated X-ray spectra, which provides the information of elemental composition 

and distribution 248.  

 

Figure 3.9 schematic view of primary electron beam interacting with sample. 

3.3.3.1 3.3.3.1 Transmission electron microscopy (TEM) 

As mentioned previously, high-energy electron beams can significantly enhance microscope 

resolution. In this project, both JOEL 2100F and TFS Talos F200i microscopes were utilized to 

obtain bright-field (BF) images. Both instruments are equipped with field emission guns (FEG) 

at an applied voltage of 200kV, serving as the source of primary electron beams. The beam 

current of JEOL 2100F is typically around 130 µA, while the beam current of TFS Talos F200i 

is typically around 59.3 µA. The specimen and instrument are operated under high vacuum 

conditions of approximately 10-7 mbar. A charge-coupled device (CCD) camera, Gatan, was 

used in JEOL 2100F, and a scintillator-based camera, Ceta, was used in TFS Talos F200i.  

Sample 
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As explained earlier, when the primary beam passes through the thin specimen, both elastic 

and inelastic scattering occur, as shown in Figure 3.10 below. Regions of the specimen that 

are thicker or contain heavier atoms scatter more strongly than thinner and lighter parts. 

Therefore, with the same objective aperture present, thicker regions appear darker in BF 

images due to the contrast resulting from the elemental and thickness differences, known as 

mass-thickness contrast.  

 

Figure 3.10 The mechanism of mass and thickness creating image contrast in a bright-field TEM image. Reused 
under permission from reference 249. Copyright 2012, Springer Science.   

Image contrast in electron microscopy can also be attributed to phase contrast and diffraction 

contrast. Diffraction contrast describes the intensity variation that occurs in electron 

microscope images when the diffraction condition changes across different areas of the 

specimen. This type of contrast is typically utilized for the identification and analysis of grain 

boundaries, dislocations, and defects. In contrary, phase contrast arises from differences in 

the phase of the scattered electron wave. The resulting interference pattern of lattice planes is 

known as lattice fringes, which reveal the periodicity of the lattice 248..  

3.3.3.2 3.3.3.2 Scanning transmission electron microscopy (STEM) 

STEM, as mentioned before, combines the advantages of both TEM and SEM. Unlike 

conventional TEM, STEM does not require objective or projective lenses, which allows for a 

relatively large space for signal detection 229. Typically, an annular dark field (ADF) detector is 

used with STEM mode to collect higher signals from more than one scattered angle compared 

to conventional dark field imaging, as illustrated in Figure 3.11 below. In this study, the STEM 

mode was used in the TFS Talos F200i microscope and the Titan G2 80-200 microscope 

equipped with a Cs probe corrector (CEOS), acquiring annular bright field (ABF) and ADF 

images. Among the signals from different scattered angles, the high-angle annular dark field 

(HAADF) signal is particularly well-suited to describe the "Z-contrast". This is because the 

collection of high angle scattered electron signals avoids the Bragg diffraction signal, and the 

electron signal is mostly dominated by the Rutherford scattering 248,249. In this work, the ABF 
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and ADF images were collected with camera length of 98mm, the HAADF signal was collected 

at angle greater than 55 mrad.  

 

Figure 3.11 schematic view of the bright-filed and HAADF signal collection of STEM mode. Reused under 
permission from reference 250. Copyright 2021 Elsevier. 

The author would like to acknowledge Dr. R Cai and Prof. S Haigh from the Department of 

Materials at University of Manchester for their invaluable assistance with the operation of the 

Titan G2 80-200 microscope in the investigation of the reduced lanthanum nickel ruthenate 

double perovskite samples.  

3.3.3.3 3.3.3.3 Energy-dispersive X-ray spectroscopy (EDX) 

Characteristic X-rays are produced from a sample when it is irradiated with high-energy 

electron beams. This is due to the excitation of core-level electrons in the atoms of the sample, 

which then relax by emitting X-rays upon refilling the created hole with higher orbital electrons. 

The resulting X-ray emission can be utilized for qualitative and quantitative analysis of the 

chemical composition of the sample. Energy-dispersive X-ray spectroscopy (EDX) is a 

chemical analysis method that utilizes emitted X-rays. Unlike wavelength-dispersive X-ray 

spectrometers, which are based on single-crystal Bragg diffraction, EDX is based on the 

semiconducting properties of silicon or germanium. When a voltage is applied, the flux and 

current flow through the semiconductor is exactly proportional to the created electron-hole 

pairs and the energy of the X-ray. Therefore, EDX is able to collect the emitted X-rays signals 

as a function of energy. This makes it more convenient to integrate into modern EM equipment, 

as it requires less geometry alignment, although it might sacrifice some precision and 

resolution 248.  

In this study, a Bruker X-flash EDX spectrometer was integrated onto a TFS Talos F200i 

microscope, while a ChemiSTEM Super-X EDX detector was integrated onto a Titan G2 80-

200 microscope. EDX maps were acquired to investigate the elemental distribution of both the 

as prepared and reduced double perovskite samples. Specifically, the L-lines (Lα and Lβ) of 
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lanthanum and ruthenium, as well as the K-lines of nickel, titanium, and oxygen, were analysed. 

The operation of the Titan G2 80-200 microscope and ChemiSTEM Super-X EDX detector was 

conducted by Dr. R Cai from the Department of Materials at the University of Manchester.  

3.3.3.4 3.3.3.4 In-situ TEM and STEM 

In this study, both in-situ BF and STEM were employed to examine the temperature and time 

dependence of exsolution phenomena. Pristine perovskite powder samples were loaded onto 

Protochips Fusion Select E-chips (E-FHDC-VO) 251,252, which utilize a silicon nitride membrane 

for support and heat conduction, as well as an array of holey carbon films as sample holders. 

The powder sample was diluted, suspended in isopropanol, and a 3 µL suspension was 

deposited onto the chips before being left to dry in static air overnight. The sample and E-chip 

were subsequently mounted onto a Protochips rod connected to an external power supply. 

Throughout the experiment and thermal treatment, the samples were heated in vacuum 

conditions at a rate of 5°C/s to the desired temperature and cooled at an identical rate. Analysis 

of the BF and STEM images was conducted using the Protochips Axon Studio software 253.  

3.3.3.5 3.3.3.5 Scanning electron microscopy (SEM) 

In this study, a SEM was employed to detect secondary electron signals. As illustrated in Figure 

9, the interaction volume of secondary electrons is comparatively smaller than that of 

backscattered electrons, resulting in superior resolution. Consequently, SEM predominantly 

focuses on the surface features of the sample, such as topography. An accelerating voltage of 

5 keV is sufficient to generate surface signals, which is markedly lower than that required for 

TEM. The LEO Gemini 1525 Field Emission Gun SEM (FEGSEM) was utilized in this 

investigation. The electron source was generated by a field emission gun (FEG), facilitating an 

enhanced resolution approaching approximately 1 nm. Specimens were mounted on a sample 

holder using carbon tape and examined under the SEM with a working distance ranging from 

6 to 7 nm.  

3.3.4 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was employed in this 

study to determine the elemental concentrations present in the samples. ICP-OES operates 

on the principle of plasma-induced photon emission by elements within a given sample. In this 

project, solid samples were dissolved in a 10 wt% HCl solution to ensure that the elemental 

ratios remained consistent with their bulk state. During the ICP-OES analysis, the sample 

solution was transformed into an aerosol, which was then introduced into the plasma's central 

channel. With temperatures reaching approximately 1000K in the central channel, the aerosol 

was vaporized, producing free atoms in a gaseous state, followed by collisional excitation of 

these atoms and ions. The relaxation of excited elemental atoms and ions occurred through 

photon emission, which was subsequently detected by a spectrometer for qualitative and 

quantitative analysis 254. In this study, a Thermo Scientific iCAP 6000 was employed, which 
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exhibits optimal accuracy in the range of 1-20 ppm. Consequently, standards with 

concentrations between 0 and 20 ppm were prepared utilizing commercial sources (Sigma-

Aldrich; AccuStandard Inc). The concentrations of these standards were assessed by checking 

the concentration plots to ensure the validity of the obtained results. Additionally, the quantity 

of solid samples in the 10 wt% HCl solution was carefully calculated to guarantee that the 

elemental concentrations fell within the 0-20 ppm range. Subsequently, the obtained results 

were transformed into atomic ratios, based on the assumption that the B-site positions in 

double perovskites are entirely occupied by B-site cations. 

3.3.5 Electrochemical performance characterizations  
In order to assess the electrochemical performance of materials, various characterization 

techniques have been developed over the course of a century. These techniques include the 

open circuit voltage (OCV) test, electrochemical impedance spectroscopy (EIS) measurement, 

current-voltage (I-V) curve measurements, and long-term stability tests. For the purposes of 

this study, materials that were synthesized were utilized to fabricate both a symmetric cell and 

a single button cell, as outlined in Section 3.2.4. The symmetric cells were subjected to EIS 

measurements, which allowed for the evaluation of the electrical response of the electrode 

materials. The single button cells were subjected to both EIS measurements and I-V curves, 

in order to investigate both the electrode and single cell performance in the operation condition 

as SOFC.  

3.3.5.1 Electrochemical impedance spectroscopy (EIS) 

3.3.5.1.1 Basics of EIS  

Electrochemical Impedance Spectroscopy (EIS) is a widely employed technique for 

characterizing materials and acquiring valuable insights into the electrochemical behavior of 

Solid Oxide Fuel Cells (SOFCs) and Solid Oxide Electrolysis Cells (SOECs). The history of 

impedance spectroscopy can be traced back to 1894 255,256, when Nernst investigated the 

dielectric constant of aqueous electrolytes and organic fluids. In 1920, Pinkelstein employed 

the technique to assess the dielectric response of oxides 256,257. By evaluating the impedance 

of a cell as a function of frequency, researchers can examine various electrochemical 

processes within devices and elucidate their performance and degradation mechanisms.  

The fundamentals of EIS involve measuring the complex impedance (Z) of a cell system by 

applying a small-amplitude AC voltage. The complex impedance (Z) of the system is 

ascertained by the ratio of the applied voltage, Et, to the resulting current, It. As depicted in 

Equation 3-11, the AC voltage possesses a constant amplitude E0 and frequency ω. The 

response current exhibits the same frequency but with a phase shift ϕ. Consequently, the 

resulting impedance comprises both magnitude |Z| and phase components. Utilizing Euler's 

relationship, the resulting impedance can be represented as a complex number with magnitude, 

shifted phase, and imaginary unit j. 
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𝑍 ≡
𝐸𝑡
𝐼𝑡
=

𝐸0 𝑒𝑥𝑝(𝑗𝜔𝑡)

𝐼0 𝑒𝑥𝑝(𝑗𝜔𝑡 + 𝑗𝜙)
= |𝑍| 𝑒𝑥𝑝(−𝑗𝜙) = |𝑍|(𝑐𝑜𝑠𝜙 − 𝑗𝑠𝑖𝑛𝜙) 3 − 11 

consequently, the impedance can be represented by its real part, Z’, and imaginary part, Z’’: 

𝑍 = |𝑍|𝑐𝑜𝑠𝜙 − |𝑍|𝑗𝑠𝑖𝑛𝜙 = 𝑍′ − 𝑍′′ 3 − 12 

By plotting the real part of the impedance on the x-axis and the imaginary part on the y-axis at 

various frequencies, a 'Nyquist plot' can be obtained, as illustrated in Figure 3.12(a). In this 

figure, the y-axis represents -Z'', and data points are plotted from high to low frequency, moving 

from left to right. The length of the arrow of each data points signifies the magnitude of the 

impedance |Z|. In addition to the Nyquist plot, impedance data can also be presented as a 

Bode plot, which plots the magnitude |Z| and phase ϕ as functions of frequency, as shown in 

the Figure 3.12 (b,c).  

 

Figure 3.12 Schematic illustration of (a) Nyquist plot with impedance vector; (b,c) Bode plots of |Z| and phase ϕ as 
function of frequency. 

The interpretation of a set of EIS data can be modelled using electronic circuits, known as 

'equivalent circuits', which comprise components such as resistors and capacitors. An ideal 

parallel circuit consisting of a resistor and a capacitor would generate a perfect semicircle in 

the Nyquist plot, as depicted in Figure 3.12(a). The resistance of the equivalent circuit 

represents the total resistance of the tested system. The capacitances of each component are 

typically utilized to distinguish and identify the processes occurring during testing.   

3.3.5.1.2 Experimental operation 

The impedance calculation described earlier relies on the linear relationship between voltage 

and current. However, in practical electrochemical cell measurements, the tested system does 

not exhibit linearity throughout the entire potential range, particularly when considering an input 

AC voltage with a large amplitude E0. Consequently, in experimental impedance measurement 

procedures, a small input AC voltage amplitude is typically employed, assuming a pseudo-

linear system response, as illustrated in Figure 3.13. In this study, measurements were 

conducted using a 20mV input potential signal. EIS measurements were performed at the 

open-circuit voltage (OCV).  



87 
 

 

Figure 3.13 current-voltage (I-V) curve showing pseudo linearity. Adapted from reference258. 

In addition, various factors pertaining to the examined system, such as temperature, 

microstructure, and the unstable polarization response to frequency alterations, can impact the 

outcomes of EIS measurements. Consequently, in this study, to ensure the accuracy of 

temperature data, a delay was incorporated into the measurement process, and an internal 

thermocouple was employed within the chamber. Moreover, to mitigate the effects of the 

unstable response associated with varying frequencies, a one-second point measurement 

delay was introduced prior to the acquisition of each data point. The measurements were 

conducted over a frequency range of 1 MHz to 50 mHz, incorporating 20 data points per 

decade and a 3-second integration time. Solartron ModuLab XM ECS electrochemical station 

and 1260A frequency response analyser were used in this project to obtain the EIS spectra of 

tested cells. The lab-customized testing stand based on NORECES Probstat system240 

combined with vertical furnace. The illustration and picture of sample assembly method was 

as shown in Figure 3.14. 

 

Figure 3.14 Schematic illustration and picture of sample assembly of the lab-customized symmetric cell test 
stand. 
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3.3.5.1.3 Data interpretation 

The acquired EIS spectra were employed to explore the inherent electrochemical performance 

of the electrode materials and their time-dependent alterations related to the exsolution 

process. The EIS spectra were analysed using Zview software (Version 3.5 by Scribner 

Associates, USA) for spectrum fitting and separation of the processes occurring during the 

measurement. 

Prior to fitting the spectra, the Kramers-Kronig (K-K) test was conducted to assess the validity 

of the collected data. This test ensures that the measured data adheres to the fundamental 

principles of causality, linearity, and stability 256. By calculating the imaginary part from the real 

part and vice versa using K-K relations, the consistency of the two datasets indicates the 

quality of the collected data. The Lin-KK Tool MATLAB package 259 was utilized in this project 

to perform the K-K test. 

For the datasets that passed the K-K test, the spectra were fitted with equivalent circuits. In 

contrast to the ideal semi-circle depicted in Figure 3.12(a), the typical behaviour of the tested 

system exhibits a depressed semi-circle with a phase angle between 0° and -90°. This is 

attributed to the non-ideal behaviour of the tested system, arising from factors such as 

roughness and inhomogeneity. Consequently, constant phase elements (CPEs) were 

employed to fit the EIS spectra (Figure 3.15. b), as different to pure capacitors shown in Figure 

3.15(a). The effective capacitance of an R/CPE circuit is calculated using Equation 3-13:  

𝐶𝑅/𝐶𝑃𝐸 =
(𝑄 × 𝑅)1/𝑛

𝑅
3 − 13  

Here, R represents the resistance of the resistor in the equivalent circuit, while Q and n are 

parameters of the CPE component. Q denotes the magnitude of the impedance of the CPE 

component, and n represents the frequency-dependence of the phase angle, varying between 

0 and 1. When n = 0, the CPE component acts as a pure resistor, and when n = 1, it behaves 

as a pure capacitor.  

 

Figure 3.15 Symbols of equivalent circuit with (a) resistor and capacitor (R/C); and (b) resistor and constant phase 
element (R/CPE). 

The most significant advantage of the EIS technique lies in its ability to separate the processes 

occurring in the tested cells. This is based on the varying time scales of the responses to 

frequency. In 1990, West, Irvine, and Sinclair noted a specific order of capacitance values for 

 a 

 b 
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each bulk sample property and proposed potential interpretations, as listed in Table 3.1 260. 

This gives a general clue of identifying the electrochemical process of the tested system by 

fitting the EIS spectra.   

Table 3.1 Capacitance values and their possible interpretation. Adapted under permissions from reference 260. 

Copyright 1990, John Wiley and Sons.  

Capacitance       enomenon responsible  

10-12 Bulk 

10-11 Minor, second phase 

10-11 - 10-8 Grain boundary 

10-10 - 10-9 Bulk ferroelectric 

10-9 - 10-7 Surface layer 

10-7 - 10-5 Sample-electrode interface 

10-4 Electrochemical reactions 

 

3.3.5.2 Single cell test  

Single button cells were fabricated using lanthanum nickel ruthenates as anode materials, 

La0.8Sr0.2Co0.8Fe0.2O3-δ (LSCF8282) as cathode materials, and LSGM as electrolyte materials, 

as described in Section 3.2.4. The cells were tested for their EIS and current -voltage (I-V) 

curves, and prior to measuring the I-V curves, a reduction treatment using 5% H2/Ar was 

performed at the anode side to induce the exsolution process at 450°C. The single cells were 

then operated under 100% hydrogen and air conditions, with a flow rate of 100 standard cubic 

centimeters per minute (sccm) at the anode side and 200 sccm at the cathode side for the 

current-voltage measurement. The current-voltage measurements were conducted at 

controlled temperatures of 450°C and 600°C using a tube furnace. Both impedance and 

current-voltage curves were measured using a potentiostat (PGSTAT302N). The single cell 

tests were conducted with the assistance of Dr. Inyoung Jang from the Department of Chemical 

Engineering at Imperial College London. 
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Chapter 4  Synthesis and intrinsic properties of lanthanum nickel 

ruthenate double perovskite 

4.1. Introduction  

Double perovskite materials, lanthanum nickel ruthenate, were synthesized and studied in this 

work due to their potential in the application of electrode/electrocatalyst of solid oxide cells 

(SOCs). This chapter presents the study of synthesis methods of stoichiometric lanthanum 

nickel ruthenate, La2NiRuO6 (denoted as L2NR), and its intrinsic properties including lattice 

structure, chemical composition and thermal behaviours. These properties were investigated 

via multiple characterization techniques including X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray 

spectroscopy (EDX), dilatometry and thermogravimetric analysis (TGA). As a parent phase for 

the subsequent exsolution investigations (detailed in Chapters 5-6), A-site deficiency was 

introduced in the structure of the double perovskite to promote the exsolution process as 

previously reported (details in Chapter 2). The solubility of the A-site vacancies in the 

lanthanum nickel ruthenate system is discussed with a relatively wide range of deficiency 

concentration attempted.  

The samples and acronyms mentioned in this chapters are: La2NiRuO6 (L2NR); La1.9NiRuO6-δ 

(L1.9NR), La1.85NiRuO6-δ (L1.85NR), La1.8NiRuO6-δ (L1.8NR), and La1.75NiRuO6-δ (L1.75NR). 

4.2. Synthesis of L2NR  

Solid-state synthesis method and sol-gel synthesis method were utilized to initiate the work. 

The solid-state synthesis of La2NiRuO6 (L2NR) involved the mixing of the precursor chemicals, 

including dried La2O3, NiO and RuO2, followed by heat treatment at high temperature for mass 

transportation and new phase formation. Seinen et al. 261 synthesized Ln2NiRuO6 by firing the 

mixture of Ln2O3, NiO and RuO2 in platinum capsules at 1400°C for 120 hours. Battle et al. 262 

reported the synthesis of La2NiRuO6 materials by firing stoichiometric amounts of dried 

ruthenium dioxide and spectroscopic grade lanthanum oxide and nickel oxide as pellets in a 

platinum crucible at 1150°C in air for a total of eighteen days, with several intermediate 

grindings. However, the chemical loss and Ru-evaporation become nontrivial when the 

temperature was above 1200°C, which is the melting point of the RuO2 precursor. In a TGA 

investigation of Ru metals in air, Liu et al. observed full oxidation of Ru metals into RuO2 and 

more than 20wt% of RuO2 lost due to the evaporation at 1300°C 263. Hence, an excess of Ru 

source was considered as a solution to mitigate against Ru loss. 

In the initial phase of this research, three distinct solid-state synthesis approaches were 

employed, involving stoichiometric amounts of RuO2, a 5wt% excess of Ru-source, and a 10wt% 

excess of Ru-source， which equivalent to 5mol% and 10mol% excess of RuO2 respectively. 
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The precursor materials were mixed and pressed into green bodies in the form of pellets, which 

were subsequently subjected to calcination at 1150°C for a duration of 12 hours in static air. 

To ensure the complete reaction between the precursor components and the formation of a 

well-crystallized double perovskite phase of L2NR, multiple cycles of additional heat treatment 

were deemed necessary following the initial calcination, conducted at 1200°C. Interval manual 

grinding using a mortar and pestle was employed, and the product phase was monitored using 

XRD until the desired well-crystallized product was obtained.  

Figure 2.1 illustrates the XRD patterns of the three different L2NR products synthesized with 

varying levels of Ru-source excess. The product phase obtained with stoichiometric amounts 

of raw oxides exhibited additional peaks corresponding to La2O3 impurities. These impurities 

suggest a relatively low concentration of the B-site cation source due to chemical losses. In 

contrast, both the L2NR samples synthesized with a 10mol% and 5mol% excess of ruthenium 

demonstrated that the main diffraction peaks matched the double perovskite structure. 

However, for the 5mol% Ru-excess L2NR, an unresolved subtle peak was observed at 28.9°. 

Meanwhile, in the 10mol% Ru-excess sample, two impurity peaks were detected at 28.9° and 

29.5°, respectively. As depicted in the inset XRD patterns (Figure 2.1), although the powder 

diffraction patterns showed a similar overall shape, the 10wt% Ru-excess sample displayed a 

slightly higher number of impurities. Consequently, the XRD plots of these three L2NR samples, 

synthesized via the solid-state method, highlight the need for further research to determine the 

optimal Ru source concentration that will minimize chemical losses during high-temperature 

heat treatment.  

 

Figure 4.1 Comparison of XRD patterns for synthesized L2NR in powder form with 10mol%, 5mol% and 0mol% 
RuO2 excess. The green stick below indicates the Bragg position of L2NR double perovskite. The rhombus symbol 
indicates the impurity of La2O3. The inserted diagrams are a zoomed-in view of plots from 28° to 30°. The 10%Ru 
excess sample and 5%Ru excess sample are characterized in as-synthesized pellet form, then ground into powder 
form for powder X-ray diffraction. 
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To further advance the synthesis process of L2NR, the sol-gel method using the citric-nitrate 

route 264 was also attempted. As previously discussed in Chapter 3, the sol-gel method offers 

distinct advantages by allowing for atomic-scale mixing of La, Ni, and Ru cations. This greatly 

enhances the homogeneity of the precursor mixture and reduces the required heat treatment 

temperature. In the experimental procedure, L2NR samples were synthesized through the 

citric-nitrate route. This process involved dissolving the precursors in a 10wt% citric acid 

solution (VWR chemicals) solution. Amounts of La(NO3)3·6H2O (Sigma-Aldrich, 99.999%), 

Ni(NO3)2·6H2O (Sigma-Aldrich, 99.999%), and Ru(NO)(NO3)x(OH)y solution (Johnson Matthey, 

99.8%) were added into the solution and continuously stirred on a hotplate at 80°C to ensure 

the formation of the solution and the homogeneous distribution of cation precursors. 

Subsequently, the temperature was raised to 200°C to facilitate water evaporation and initiate 

the gelation process. After gelation, the precursor mixture was transferred to a muffle furnace 

for decomposition and calcination, effectively removing the organic solvent before the final heat 

treatment and sintering. The heat treatment of L2NR samples was carried out at 1100°C for 12 

hours. Similar to the solid-state synthesis, XRD was used to validate the quality of the resulting 

product sample before proceeding to the next phase of investigation. In cases where a high 

degree of crystallinity was needed, manual intermediate regrinding and additional cycles of 

heat treatment at 1100°C were employed.  

The sol-gel citric-nitrate route synthesis proved to be a relatively convenient and time-saving 

method. XRD patterns were used to verify the products of sol-gel synthesis and investigate the 

lattice structure of the materials as detailed in next section. Consequently, the sol-gel citric-

nitrate route synthesis was adopted for the studies presented in Chapters 5 and 6.  

4.3. Crystal structure of L2NR 

Debates regarding the lattice structure of the La2NiRuO6 double perovskite have persisted 

since its initial discovery in 1987. Seinen et al. 261 pioneered investigations into La2NiRuO6, 

employing a trial Rietveld model based on the Nd2MgTiO6 structure. Their findings suggested 

a monoclinic structure with space group P21/n, as depicted in Figure 2.2(a).  However, a 

subsequent study by Battle et al. 262 conducted neutron diffraction of synthesized La2NiRuO6 

and Rietveld refinement analysis. They contended that the lattice parameter β in Seinen et al.'s 

work approached 90°, favouring a model based on an orthorhombic structure with space group 

Pbnm, as illustrated in Figure 2.2(b). In subsequent investigations 265–267 of the double 

perovskite La2NiRuO6, researchers consistently suggested a monoclinic crystal structure with 

the P21/n incorporating B-site ordering of Ni and Ru cations.  

Figure 2.2 highlights the similarity between the random B-site occupation in the Pbnm structure 

and the rock-salt B-site ordered structure P21/n, which share general reflection conditions: h0l 

(h + l = 2n), 0k0 (k = 2n), h00 (h = 2n), and 00l (l = 2n).  Notably, the relatively higher symmetry 
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of Pbnm allows for the additional reflection of 0kl (k = 2n), implying that reflections on 0kl planes 

(k = 2n+1) should be systematically absent 268. However, as shown in Figure 2.3, the X-ray 

diffraction patterns of sample L2NR exhibited reflections on planes with Miller indices satisfying 

0kl (k = 2n+1), especially (0 1 1) plane, indicated by the label '*’. This discovery prompted 

further analysis based on the P21/n model.  

 

Figure 4.2 Polyhedral sketch of L2NR unit cell of two different model (a) ICSD202277 261: Monoclinic structural 
model with ordered Ni2+/Ru4+ ions. (b) ICSD202431 262: Orthorhombic structural model with discorded Ni2+/Ru4+ ion 
on octahedral sites. The green balls indicate the La cations; the red balls indicate the O anions; the grey balls 
indicate the Ni cations; the beige balls indicate the Ru cations.  

The L2NR sample was thoroughly characterized through XRD and Rietveld refinement, as 

presented in Figure 4.3 and detailed in Table 4.1. The fitting plots and agreement indices 

strongly indicated an excellent fit between the observed XRD pattern and the calculated results. 

In line with the earlier discussion, the refinement calculations adopted the P21/n space group. 

During the refinement process, oxygen anions were not adjusted due to the X-ray's limited 

sensitivity to light elements like oxygen, as X-ray diffraction relies on the interaction with 

electron clouds. Instead, more attention was given to elements such as La and transition 

metals, which have a greater number of electrons. In the future, neutron diffraction may prove 

useful in accurately determining the occupancies of oxygen anions. 

Given the rarity of perfect B-site ordering in double perovskites 26, both Ni and Ru cations were 

considered to occupy the (1/2, 0, 0) and (1/2, 0, 1/2) positions, respectively, within the crystal 

lattice. These refinements were conducted using the Fullprof software suite 238. As displayed 

in Table 4.1 below, the lattice parameters closely aligned with those reported in the reference 

(ICSD96120265). Regarding the ordering of Ni and Ru cations, the results indicated a 

preference for Ni cations to occupy the (1/2, 0, 0) site and Ru cations to occupy the (1/2, 0, 

1/2) site, consistent with expectations. Therefore, the degree of ordering (S), defined by the 

equation: 

𝑆 =  2𝑔𝐵  −  1 4 − 1 
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where gB represents the occupancy of a B-site cation at its correct site. S was found to be 

equal to 0.908. Partial disordering may be attributed to site defects or antiphase boundaries, 

but further investigation is warranted to elucidate the underlying causes. 

 

Figure 4.3 XRD pattern and Rietveld refinement refined plots L2NR. The red dots indicate the XRD pattern, and the 
black line plots the calculated plots from the model P 21/n. The blue line plots the difference curve of the observed 
intensity and calculated intensity. The green sticks indicate the calculated Bragg position. The agreement indices 
are ‘the goodness of fitting’ χ2 =6.83, Rp =3.42, Rwp =4.68 and Rexp =1.79. The reflection peak labelled with ‘*’ 
indicate the reflection of (0kl) planes, suggesting the monoclinic structure P 21/n. 

Table 4.1 Rietveld Refinement calculated lattice parameters and atomic parameters. B-factors for cations at same 
location was contraned to same value. and oxygen anions were fixed during reifnement.  

 

  
 
 
  

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
  

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
  

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

  
 
 
 

                                      

5 56659  4  

5 60789  3  

7 87773  5  

89 987  2  

             

1 003 0 0 217 6 0 2501  3 0 0424  1 0 0053  4   1

0 954 1 0 18  5 000 5  1

0 046 1 0 34 2 0 500 5  2

0 954 1 0 34 2 0 500 5  1

0 046 1 0 18  5 000 5  2

10 10 0290 2890 286 1

10 10 0490 7920 203 2

10 10 2520 489 0 084 3
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4.4. A-site deficient lanthanum nickel ruthenate  

As discussed in Chapter 2, the presence of A-site deficiencies plays a crucial role in promoting 

the exsolution of B-site cations within the perovskite structure, in which process the perovskite 

lattice tends to restore the stoichiometric ratio of A/B cations by exsolving 'excess' B-site 

cations. Consequently, before reduction treatment for exsolution, the solubility of A-site 

deficiency within the double perovskite structure was investigated. 

Sol-gel citric nitrate method was employed to synthesize lanthanum nickel ruthenates with 

varying levels of A-site deficiencies, including 5at%, 7.5at%, 10at%, and 12.5at%. These 

samples were denoted as L1.9NR, L1.85NR, L1.8NR, and L1.75NR, respectively. As shown 

in Figure 4.4, the XRD patterns of the synthesized L(2-x)NR materials exhibited a strong 

alignment of the main diffraction peaks with the P21/n reference model 265, even up to a 

concentration of 12.5 at% A-site deficiency. However, upon closer examination within the 

26.50-33° and 42-48° 2θ positions, the appearance of diffraction signals at 28.07° and 43.27° 

indicated the presence of unreacted RuO2 and NiO with a high content of A-site deficiency 

(L1.8NR and L1.75NR). Consequently, it was established that the lanthanum nickel ruthenate 

double perovskite can tolerate A-site deficiencies up to 10at%. The lattice structures of three 

double perovskites, L2NR, L1.9NR, and L1.85NR, each possessing different levels of A-site 

deficiencies, were subjected to Le Bail refinement. A comparison of lattice parameters and 

lattice volume is presented in Figure 4.5(a), revealing a reduction in lattice volume with 

increasing A-site deficiency due to the absence of large La3+ cations and resultant lattice 

distortion. The increase in lattice parameters, 'a' and 'c,' may be attributed to the increasing 

content of oxygen vacancies introduced by the A-site deficiencies 269. Vegard’s law was widely 

used for describing the relationship between lattice parameters and composition of ideal solid 

solution, as depicted in Equation 4-2. This law assumes that the unit cell parameter should 

vary linearly with composition. Figure 4.5(b) illustrates the plot of pseudo cubic lattice 

parameters calculated from Le Bail refined lattice volume against the concentration of A-site 

deficiency. Linear fitting of the plots suggests the same lattice structure of L2NR, L1.9NR and 

L1.85NR as Le Bail refinement suggested and the formation of a solid solution through the 

'vacuum-doping' of A-site deficiency. Additionally, it indicates that the lattice structure of L2NR, 

L1.9NR, and L1.85NR remains consistent with the findings of Le Bail refinement. 

𝑎𝐴𝐵 = 𝑎𝐴(1 − 𝑥) + 𝑎𝐵(𝑥) 4 − 2 
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Figure 4.4 XRD patterns of as-prepared L2NR, L1.9NR, L1.85NR, L1.8NR, L1.75NR and peak positions of the 
referenced pattern (ICSD96120)265. The inset are higher magnification regions to highlight the presence of 
secondary phases of NiO (ICSD9866)270 and RuO2 (ICSD15071)271. Reused from published work 272 under terms 
and conditions of CC BY 4.0. Copyright 2022, Authors.  

 

Figure 4.5 (a) Le Bail refinement results of lattice parameters and calculated lattice volume of L2NR, L1.9NR and 
L1.85NR. The fitting agreement indices of L2NR are Rp= 5.36%, Rwp= 6.94%, Rexp= 5.20% and χ2 = 1.78. The fitting 
agreement indices of L1.9NR are Rp= 5.50%, Rwp= 7.46%, Rexp= 4.38% and χ2 = 2.89. The fitting agreement indices 
of L1.9NR are Rp= 6.30%, Rwp= 9.73%, Rexp= 4.62% and χ2 = 4.44. Reused from published work 272 under terms 
and conditions of CC BY 4.0. Copyright 2022, Authors. (b) Vegard plot with linear fitting of pseudo cubic lattice 
parameters calculated from Le Bail refined lattice volume vs concentration of A-site deficiency. 

4.5. Chemical composition 

The chemical information including the valence states of cations and the elemental 

concentration were further investigated with XPS and ICP-OES. Figure 4.6(a) presents the 

complex XPS spectrum that encompasses information about the La 3d orbitals, covering a 

binding energy (BE) range from 825 to 890 eV measured for the L2NR sample. Notably, this 

BE range also includes signals from the Ni 2p orbitals, which theoretically occur between 850 

and 890eV 273–275. Hence, when comparing the La 3d spectrum measured for L2NR to that of 

La2O3 (Figure 4.6b), the La 3d3/2 doublet peak displayed significantly elevated intensities. 

Reference La 3d spectrum of La2O3 (Figure 4.6b) showcases two doublet peaks corresponding 

 a  b 
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to La 3d3/2 and La 3d5/2 orbitals, each comprising bonding and antibonding components. 

Concerning the Ni 2p spectra, as elucidated by Grosvenor et al. 275, they involve multiplet 

structures with components, including main peaks, satellite peaks, and peaks attributable to 

the final-state effect for fitting of the Ni 2p spectrum of NiO, as depicted in Figure 4.7. 

Consequently, accurately fitting and distinguishing components in the overlapped signals of La 

3d and Ni 2p orbitals pose challenges. However, the peak position and shape of the La 3d5/2 

orbitals still provided valuable evidence regarding the chemical information of La cations. 

Figure 4.6(a) demonstrated that the La 3d5/2 doublet peaks centered at a binding energy 

position of 834.6eV, which aligns with the reported La2O3 (La 3d5/2 at 834.9eV of binding energy 

position). Therefore, the La cations in L2NR were characterized as existing in the trivalent state. 

 

Figure 4.6 (a) Combined spectrum of Ni2p and La3d XPS scanning measured of L2NR sample; (b) fitting plots of 
La3d spectrum of La2O3 adapted from reference 276 under terms and conditions provided by Elsevier and Copyright 
Clearance Center. Copyright © 2011 Elsevier B.V. 
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Figure 4.7 Ni2p spectrum measured of NiO fitted with Ni(II) multiplet structure. Adapted from literature 275 under 
terms and conditions provided by Elsevier and Copyright Clearance Centre. Copyright © 2006 Elsevier B.V. 

Investigating the valence states of Ru and Ni cations, previous studies have reported the 

presence of various valence states, including Ni(II) 267,277, Ni(III) 278–280, Ru(III) 281, Ru(IV) 281–284 

and Ru(V) 284, within perovskite and its derivatives. To explore the chemical information related 

to the valence states of B-site cations (Ni and Ru), XPS spectroscopy was employed. However, 

challenges were encountered due to overlapping signals, as discussed earlier: the overlap 

between Ni 2p and La 3d signals, and the overlap between C 1s and Ru 3d signals. As 

previously mentioned in Chapter 3, challenges such as a poor connection between the sample 

and spectrometer, as well as issues related to poor conductivity, can lead to unreliable 

chemical shifts. Calibration of binding energies is necessary under such circumstances. 

Typically, the widely used internal calibration standard is adventitious carbon's C 1s orbital, 

which typically falls within the binding energy range of 284.66 – 285.16eV 285. However, the 

adventitious carbon C 1s signals occupy the same binding energy region as Ru 3d signals, 

ranging from 276 to 288eV. Consequently, the adventitious carbon C 1s peak position for the 

L2NR sample would need to be determined through spectral fitting, introducing potential 

inaccuracies in calibration.  

Hence, an alternative calibration standard was explored for XPS analysis in this work. Similar 

to calibration using adventitious carbon, we employed self-referencing calibration. This 

approach involved calibrating the spectra using the O-M peaks of the O 1s spectrum instead 

of the C 1s spectrum. Figure 4.8 illustrates the O 1s orbital spectrum measured for the L2NR 

sample, which was fitted with two component peaks attributed to the O-M bond and surface 

oxygen species. The O 1s peak was calibrated to 529.2eV of binding energy with a full width 

half maximum (FWHM) of 1.1eV (as presented in Table 4.2). The consistent peak position and 

sharp peak shape of the O 1s O-M peaks provided confidence in adopting these peaks as the 

calibration standard in the XPS analysis of the L2NR sample and future studies.  
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Figure 4.8 XPS spectrum of O 1s orbitals of L2NR (black circles), fitted envelop plots (red line), and the fitting 
components (coloured peaks). Reused from published work 272 under terms and conditions of CC BY 4.0. Copyright 
2022, Authors.  

The spectra of Ru 3d and C 1s orbitals were measured by XPS spectrometer from 280 to 

292eV of binding energy position (Figure 4.9). The fitted parameters were as shown in Table 

4.2. Morgan 286 extensively studied XPS spectra of various common ruthenium materials, 

where Ru compounds typically exhibit satellite components due to the screened and 

unscreened effects of core-level electrons. The fitting curves, depicted as the red envelope 

curve in Figure 4.9, suggest a good fit of the spectra with Ru 3d doublets, Ru 3d satellites, C 

1s C-C peak, and C 1s C=O peak. Ru 3d5/2 peak was fitted at a binding energy position of 

282.35 eV. However, this position differs from the reported Ru 3d5/2 peak position of RuO2 
286

, 

which may be attributed to differences in oxygen coordination numbers. Lü et al. 287 

investigated Ru 3d spectra in Ruddlesden–Popper phases LaSrNi0.5Ru0.5O4 and 

LaSrCo0.5Ru0.5O4, where the Ru sites have the same 6-coordination as double perovskites. 

They reported a Ru 3d5/2 peak position of ∼282.1–282.2 eV. Additionally, the doublet 

separation, as shown in Figure 4.9, was approximately 4.2 eV, in agreement with the reported 

value for Ru4+ cations 286,287. Consequently, we characterized the Ru cations in the L2NR 

double perovskite system as tetravalent. Moreover, the C 1s C-C peak was fitted at 284.98eV, 

confirming the validity of the O 1s calibration method. In alignment with the O 1s spectrum in 

Figure 4.8, the presence of surface adsorbates was also indicated by the observation of C=O 

bond signals in Figure 4. 9. 
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Figure 4.9 XPS spectrum of Ru 3d orbitals of L2NR (black circles), fitted envelop plots (red line), and the fitting 
components (colored peaks). Reused from published work 272 under terms and conditions of CC BY 4.0. Copyright 
2022, Authors.  

As stated above, it is a challenge to resolve the Ni 2p spectrum in the complex signal from 

both Ni and La cations. Biesinger et al. 288 investigated the Auger spectra of nickel alloys, 

halides, oxide, hydroxide and oxy-hydroxide and proposed feasibility of resolving Ni chemical 

information by looking at the Auger spectrum instead of Ni 2p spectrum. Hence, Ni L3M45M45 

(denoted as Ni LMM) Auger spectrum was investigate instead as shown in Figure 4.10(a). As 

demonstrated in Section 3.3.1.2, the binding energy values were calculated using the Equation 

3-9. For Auger transitions, the kinetic energy of L3M45M45 Auger electrons is associated with 

the internal electron transition process not directly from the incident beam, so it is ambiguous 

to use binding energy (BE) to investigate LMM Auger peaks. Hence, the spectrum was 

converted to the plots depending on kinetic energy, as Figure 4.10 shows. The Ni LMM spectra 

of Ni cations in different compounds were as shown in Figure 4.10(b). The Ni LMM spectrum 

of compound γ-NiOOH with trivalent Ni cations displayed a unique characteristic peak at lower 

kinetic energy position of 832.8 eV, while the spectra of NiO and Ni(OH)2 containing Ni2+ 

presented broadened peaks. The Ni LMM auger spectrum of L2NR sample shown in Figure 

4.10 (a) displayed a similar peak shape with the spectra of NiO and Ni(OH)2 without obvious 

signals at 832.8eV, indicating the most of Ni cations in L2NR present as divalent.  
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Figure 4.10 (a) XPS spectrum of Ni LMM Auger signals in kinetic energy (KE) measured of L2NR sample; (b) Ni 
LMM auger spectra of NiO, Ni(OH)2 and γ-NiOOH adapted from reference 288 under terms and conditions of 
Copyright Clearance Centre. Copyright 2012, Royal Society of Chemistry. 

Table 4.2 Fitting results of the Ru3d, O1s, C1s spectra of asprepared L2NR sample. Due to the limitation of energy 
reoslution of spctrometer, the error of measured and fitted binding energy poisiotns was approximately 0.2-0.5eV.  

 

To validate the chemical composition of the synthesized double perovskite samples 

(stoichiometric L2NR, 5at% A-site deficient L1.9NR, and 7.5at% A-site deficient L1.85NR) 

inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to investigate 

the elemental concentrations in these samples. The results are presented in Table 4.3. The 

intended nominal formulae for these compositions were La2NiRuO6, La1.9NiRuO5.85, and 

La1.85NiRuO5.775 respectively. The calculated concentrations were based on the assumption 

that the B-site positions were fully occupied by Ni and Ru cations, and the oxygen 

stoichiometries were determined under the assumptions of valence states for La, Ni, and Ru 

cations being 3+, 2+, and 4+, respectively. Observations revealed a decrease in A-site cation 

 WH   e  E e   ea s

1.1529.2O1s O-Metal

2.6531.3O1s Surface

1.2282.4Ru3d5/2

1.2286.6Ru3d3/2

1.2283.5Ru3d5/2 sat.

1.2287.7Ru3d3/2 sat.

1.5284.9C1s C-C

1.8289.0C1s C=O
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concentration in the experimental composition as the designed A-site deficiency increased. 

The Ni to Ru cation ratios remained approximately 1:1, consistent with expectations. However, 

the actual composition of the A-site deficient samples, L1.9NR and L1.85NR, showed slightly 

higher La-occupancy compared to the nominal composition. This indicated A-site deficiencies 

of 3.3at% and 5.35at%, respectively. The actual composition of the samples depends on the 

chemical reactions during the synthesis and the defect chemistry. Therefore, the precise 

atomic ratio and controlling of the compositions as well as the oxygen stoichiometry need 

further exploration including thermal analysis combined with oxygen sensor at the exhaust, 

high-energy synchrotron XRD and refinement and so forth.  

Table 4.3 1 ICP results of stoichiometric double perovskite L2NR and A-site deficient samples L1.9NR and L1.85NR. 
B-site positions were assumed fully occupied by Ruthenium and Nickel cations during the calculation of 
concentration ratio. Reused from published work 272 under terms and conditions of CC BY 4.0. Copyright 2022, 
Authors.  

 

4.6. Thermal behaviour 

In addition to investigating the crystal structure and chemical composition of the L2NR double 

perovskite, the thermal behaviour of the L2NR sample was examined using a dilatometer and 

thermogravimetric analyser. Figure 4.11 illustrates the sintering behaviour of the L2NR sample 

as measured by the dilatometer. In the graph, dL represents the absolute dimensional changes 

of the L2NR bar sample, while L0 denotes the original dimension. The dilatometry experiments 

involved a first stage of heating at a rate of 10°C/min, reaching up to 1400°C, followed by a 

dwell period at 1400°C for 160 minutes for sintering and densification. The dL/L0 curve 

displayed a slight increase in the L2NR sample's dimension as it was heated to 400°C, 

indicating thermal expansion with increasing temperature. As the temperature approached 

1400°C, the bar sample exhibited signs of shrinkage, signifying the onset of sintering. The 

derivative of length changes plotted against time, d(dL)/dt, showed an increasing rate of 

shrinkage until reaching the 1400°C dwell point. Therefore, the fast-sintering point as 1400°C 

was determined. Furthermore, the sample continued to shrink during the subsequent dwell 

time, indicating that the densification process of sintering was still ongoing until the experiment 

concluded. However, it's important to note that the dilatometry measurement is limited to 

Experimental composition

Concentration ratio
 ominal 

composition
    x  R

Ni/Ru
A-site/ B-

site

La1.98(2)Ni1.017(2)Ru0.982(4)O5.9511.034(2)0.992(8)La2NiRuO6L2NR

La1.934(7)Ni1.025(3)Ru0.974(7)O5.8741.053(3)0.967(3)La1.9NiRuO5.85L1.9NR

La1.893(2)Ni1.041(3)Ru0.959(9)O5.79851.085(3)0.947(1)La1.85NiRuO5.775L1.85NR
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temperatures up to 1400°C and a dwell time of 160 minutes. Based on these instrumental 

limitations, extending the measurement to higher temperatures and longer isothermal dwells 

would provide a more comprehensive understanding of the sintering behaviour. The initial 

dimension of bar sample remained constant, and the abrupt changes of d(dL)/dt at around 

400°C may be attributed to the detection limitations of the dilatometer during the initial stages 

of thermal expansion. Moreover, the dilatometry measurement offers evidence of the sintering 

temperature of the electrode discussed in Chapter 3. Considering the requirement of a porous 

structure for both symmetric cells and SOC single cells, it's imperative that the sintering 

temperature remains below the fast-sintering threshold of 1400°C.  

 

Figure 4.11 Plots of temperature change (black line), dimensional change (red line) and the derivative of 
expansion/shrinkage (blue line) of L2NR sample characterized by dilatometer. 

Figure 4.12 present the TGA plots of the L2NR sample, measured in air up to 1200°C. The 

initial mass loss of approximately 0.05wt% occurred when the temperature reached 200-300°C. 

This loss was attributed to the evaporation of moisture and adsorbed carbonate content during 

heating. Subsequently, a plateau in the TG curves was observed as the temperature increased 

up to 800-900°C, indicating the stability of the L2NR sample in air without any redox reactions 

below 800°C. A slight mass loss of approximately 0.02-0.03wt% was observed as the 

temperature increased above 800°C and up to 1200°C. This mass loss was considered to be 

related to the reduction of Ru4+ cations and loss of oxygen due to the high temperature 

annealing. The loss of oxygen can be calculated as 0.0067-0.01 mol O per mol of L2NTR.   
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From both the dilatometry and TG investigations, we deduced that L2NR remains stable in air 

within the temperature range from room temperature up to 800°C. Achieving rapid sintering 

and dense ceramic structures for L2NR samples required temperatures as high as 1400°C, 

while the high temperature will cause reduction in a minor fraction of the Ru4+ cations during 

the sintering process.   

 

Figure 4.12 TGA plot of weight change (%) versus temperature. The first drop of 0.05% weight loss from room 

temperature to 300 °C is attributed to the loss of moisture and carbonates. 

4.7. Summary and future work  

This chapter delves into the synthesis and intrinsic properties of lanthanum nickel ruthenate 

double perovskite. The conventional solid-state synthesis method necessitated high-

temperature heat treatments, resulting in significant losses of ruthenium and requiring an 

excess amount of ruthenium source. In contrast, the sol-gel method offered advantages such 

as atomic-level cation mixing, enabling lower heat treatment temperatures and simplified 

synthesis procedures. As a result, samples synthesized via the sol-gel method were chosen 

for the investigation of intrinsic properties and subsequent research in later chapters.  

Characterization of the lattice structure of the stoichiometric sample L2NR revealed a 

monoclinic structure with space group P21/n. Rietveld refinement allowed for the analysis of 

cation occupancies, revealing a B-site rock-salt ordering of nickel and ruthenium cations with 

limited disorder. Chemical composition analysis confirmed the presence of La3+, Ni2+, and Ru4+, 

consistent with the expected 2:1:1 ratio for the stoichiometric sample L2NR. Furthermore, A-

site deficiencies were introduced into the structure, revealing that the solubility of the A-site 

deficiency remained within acceptable limits, typically below 10at%. However, ICP results 

revealed a slightly higher La occupancy for the nominal A-site deficient samples, suggesting a 
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topic worthy of further investigation in the future. Additionally, the thermal behaviour was 

investigated, including sintering temperature and thermogravimetric properties, finding that 

temperatures as high as 1400°C were necessary for rapid sintering and dense ceramic 

formation in the L2NR sample.  

Overall, this chapter provides a comprehensive examination of the intrinsic physicochemical 

properties of lanthanum nickel ruthenates double perovskites, laying the groundwork for further 

investigations including reduction treatment and exsolution.  
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Chapter 5  Exsolution of A-site deficient lanthanum nickel 

ruthenate double perovskite 

5.1. Introduction  

Following the investigation in Chapter 4, the synthesized lanthanum nickel ruthenates were 

subject to reducing condition in this chapter for the initial attempts of exsolution study. The 

stability of this double perovskite system was firstly examined through XRD analysis, followed 

by a detailed morphology study employing SEM and TEM, which revealed the occurrence of 

low-temperature exsolution in A-site deficient samples. XPS, XRD and STEM-EDX were 

utilized to investigate the chemical composition of exsolved nanoparticles in the L1.85NR 

sample reduced at 450°C for 3 hours in wet 5%H2/Ar, revealing the exsolution of Ni-Ru 

bimetallic alloy particles. Furthermore, different reduction conditions were explored, 

encompassing dry atmospheres and varying temperatures. SEM, TEM, XPS, and XRD were 

employed to investigate the different extent of exsolution under these conditions.  

The samples and acronyms mentioned in this chapters are: La2NiRuO6 (L2NR); La1.9NiRuO6-δ 

(L1.9NR) and La1.85NiRuO6-δ (L1.85NR). 

5.2. Structural stability in 5%H2/Ar 

Building on the discussions in Section 2.3 and Chapter 4, synthesized lanthanum nickel 

ruthenates (L2NR, L1.9NR and L1.85NR) via the sol-gel citric-nitrate method were subjected 

to a reduction treatment in preparation for the subsequent exsolution study. The XRD patterns 

of the L2NR samples reduced in 5% H2/Ar are presented in Figure 5.1. It is noteworthy that 

the double perovskite structure remained stable until the reduction temperature exceeded 

500°C. At 500°C, two subtle secondary phase peaks at 29° and 30° in the 2θ position of the 

L2NR sample were observed. As the reduction temperature increasing to 600°C, these peaks 

became more pronounced, accompanied by an additional broad peak in the XRD pattern at 

43.5°-45° 2θ. The broad peak exhibited a distinctive 'hump' shape with an additional sharp 

signal at 44.5° 2θ, as indicated by the orange arrow in Figure 5.1. This observation suggests 

the presence of two types of secondary phases in the 2θ range. One phase exhibited low 

crystallinity and small grains, while the other was well-crystallized. The secondary phases at 

29-30° and the broad peak around 44° 2θ were attributed to the decomposed phase of L2NR, 

which are RuO2 
271, La2O3 289 and NiO phases 270, as indicated in Figure 5.1. On the other hand, 

the well-crystallized phase at 44.5° 2θ was attributed to the formation of a Ni-Ru metallic phase 

290,291 as a result of the reduction process.  
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Figure 5.1 XRD patterns of L2NR reduced in 5%H2/Ar at temperatures ranging from 450°C to 600°C for 3 hours. 
The double perovskites start to decompose when the reducing temperature exceeds 500°C, forming La2O3, NiO, 
RuO2 and metallic phases. Adapted from the published work 272 under terms and conditions of CC BY 4.0 license. 

Copyright 2022, Guo et al.  

A-site deficient samples, specifically the L1.85NR samples, were also investigated after 

subjecting them to reduction at various temperatures. To create a reducing atmosphere that 

was compatible with the intended future application in SOCs operation and to ensure that the 

hydrogen partial pressure was not overly aggressive to maintain the double perovskite 

structure, moisture was introduced into the 5%H2/Ar atmosphere. A water bubbler was added 

to the reduction treatment furnace, introducing approximately 3% steam content. The presence 

of moisture in the reducing gas balanced the 5%H2/Ar and the unavoidable water splitting 

reaction will increase the partial pressure of oxygen.   

Figure 5.2 presents the XRD patterns of the L1.85NR samples following reduction at different 

temperatures. Similar to the stoichiometric L2NR samples, the A-site deficient L1.85NR 

samples exhibited a decomposition process as the reduction temperature increased beyond a 

certain threshold. In the case of the L1.85NR samples, they were able to maintain the double 

perovskite structure until the reduction temperature surpassed 600°C, in contrast to the L2NR 

sample reduced in dry 5%H2/Ar (Figure 5.1). However, beyond this point, severe 

decomposition occurred. The decomposed phases observed were a mixture of La2O3, NiO, 

RuO2, and reduced metallic phases. Consequently, when conducting exsolution investigations 

on the A-site lanthanum nickel ruthenate double perovskites, the reduction temperature should 

not exceed 600°C using a wet 5%H2/Ar atmosphere.  
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Figure 5.2 XRD patterns of L1.85NR after reduction in 5%H2/Ar at temperatures ranging from 500°C to 700°C, 
illustrating the significant decomposition observed when the reduction temperature exceeded 600°C.The reduction 
treatment were kept as 3 hours. 

5.3. Exsolution of nanoparticles  

5.3.1. Morphology  
Based on the discussions outlined earlier, an exsolution investigation was initiated by 

subjecting lanthanum nickel ruthenate double perovskites to a low-temperature treatment at 

450°C in a wet 5%H2/Ar atmosphere. Both stoichiometric and A-site deficient samples, denoted 

as LxNR (where x = 2, 1.9, and 1.85), underwent a 3-hour reduction process. Figure 5.3 (a-d) 

presents scanning electron microscopy (SEM) images of the four areas of L2NR samples after 

reduction, providing a general overview of the sample surface. In these images, well-

crystallized ellipsoidal polyhedral grains can be clearly observed, with an average grain size 

of 250(±87) nm in diameter, as measured by ImageJ software (Figure 5.3). However, notably, 

there is no discernible exsolution of nanoparticles on the surface of the L2NR grains following 

reduction in wet 5%H2/Ar at 450°C for 3 hours, especially compared to the A-site deficient 

sample L1.9NR and L1.85NR after reduction as shown in Figure 5.4 and Figure 5.5. 
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Figure 5.3  SEM images (a-d) of L2NR sample reduced at 450°C in wet 5%H2/Ar for 3hours, showing overall view 
of samples in the four presented areas. Adapted from published work 272 under terms and conditions of CC BY 4.0. 
Copyright 2022, authors.  

Figure 5.4 shows the morphologies of the A-site deficient samples L1.9NR after reduction. The 

sample of L1.85NR and L1.9NR were calcined at 1400°C to give a homogenously distribution 

of A-site deficiency and cations. Uniform nanoparticles were observed on the surface of the 

bulk grains, especially at the well-crystalized surface of the ‘larger’ grains as shown in Figure 

5.4(a-c). This was because the well-crystalized large grains possessed homogeneously 

distributed key factor (A-site deficiency) as designed after high-temperature sintering. The 

preference of exsolution on certain facets and cleavage planes was also observed in the 

reduced L1.9NR samples, as shown in Figure 5.4 (c,d). Here, the term "cleavage plane" refers 

to the fracture surface of the grain exposed to the reducing atmosphere. The preference of 

facet-dependent exsolution can be related to locations of A-site cation vacancies and the 

difference of the interfacial energy barrier during the nucleation and particle growth process 

76,196,197, while future research is needed to clarify the mechanisms of interaction between 

exsolving nanoparticles and defect chemistry and the parent double perovskite phase and the 

resulting facet-dependent exsolution. In addition, the preference of exsolution on the cleavage 

plane was also observed in agreement with the initial discovery of the Ni exsolution from 

lanthanum nickel titanates 88. This was attributed to the surface composition deviation in the 

small grains that might hinder the exsolution of nanoparticles. Additionally, the introduction of 

strain effects on the cleavage plane may occur during mechanical breaking 181. However, the 
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underlying mechanism during the entire exsolution process remains unclear and requires 

further in-depth investigation.  

 

Figure 5.4 SEM images of L1.9NR samples reduced at 450°C in wet 5%H2/Ar for 3 hours, showing four areas (a-
d) selected of the L1.9NR sample. The inserted images highlighted the presence and morphology of the exsolved 
nanoparticles with adjusted brightness and contrast of area in dash box. The scale bar of the inserted images 
referred to the dash box area of the original images.  

Figure 5.5 presents SEM images of L1.85NR samples following reduction at 450°C in wet 

5%H2/Ar for 3 hours, both in powder and pellet forms. In these images, numerous small 

nanoparticles on the surface of the bulk grain were observed. In Figure 5.5 (b), two types of 

nanoparticles are observed on the surface, particularly evident in the zoomed-in inset graph. 

One type consists of larger particles with a diameter of 23(± 3) nm, while the other type 

comprises smaller nanoparticles with numerous populations homogeneously distributed on the 

surface, measuring 5 (± 2) nm in diameter. This suggests two different exsolution behaviours 

of cations and emphasizes the necessity for an in-depth mechanism study, with further details 

provided in Chapter 6. Notably, a preference for exsolution on the cleavage plane is also 

evident, especially in small double perovskite grains, as illustrated in Figure 5.5(c). The extent 

of exsolution and particle growth at the cleavage plane is larger than other grain surfaces 

(Figure 5.5 a and b). The L1.85NR sample in dense pellet form was also subjected to reduction 

at 450°C in wet 5%H2/Ar for 3 hours. As demonstrated in Figure 5.5(d), nanoparticles exsolved 

from the polycrystalline pellet. Consistent with the observations for L1.9NR, the exsolution from 

the dense L1.85NR pellet on different facets or orientations exhibited variations in particle 

(c) (d)

(b)(a)
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populations. Figure 5.6 displays enlarged images of two adjacent grains with adjusted 

brightness and contrast, clearly highlighting the favourability of one orientation of the grain over 

the other. Weber et al. 197 also reported differences in Ni exsolution among different orientations 

of polycrystalline dense pellets of SrTi0.9Nb0.05Ni0.05O3−δ. However, in this work, the specific 

identification of each plane or orientation remains unresolved. In this regard, electron 

backscatter diffraction (EBSD) analysis of polycrystalline ceramics could provide valuable 

insights in future investigations. 

 

Figure 5.5 SEM images of L1.85NR samples reduced at 450°C in wet 5%H2/Ar for 3 hours in form of powder (a-c) 
and pellet (d). Due to the resolution limitation of the instrument, smaller nanoparticles on certain planes/surfaces 
were not obvious under SEM. The inserted images in (a) and (b) are zoomed in display with adjusted brightness 
and contrast of the selected area marked by dash box. The scale bar of the inserted images in (a) and (b) referred 
to the dash box area of the original images. The green and orange dash boxes in figure (d) selected two adjacent 
grains which were detailed in Figure 5.6.  

 

Figure 5.6 SEM images of adjusted brightness and contrast of the selected area in Figure 5.5 (d).  

(a) (b)

(c) (d)
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TEM was employed to investigate the morphology of exsolved nanoparticles in reduced A-site 

deficient L1.9NR and L1.85NR samples, given their small particle size. Figures 5.7 and 5.8 

display TEM bright field images of L1.9NR and L1.85NR samples following reduction at 450°C 

in a wet 5%H2/Ar atmosphere for a duration of 3 hours. These images reveal socketed 

structures, exemplified by nanoparticles indicated by yellow arrows in Figures 5.7 (a, d) and 

Figure 5.8 (d). These nanoparticles are partially embedded within the bulk material, suggesting 

a strong connection between the exsolved particles and the parent phase. Another connection 

was observed in Figure 5.8 (a) marked by blue arrow, which showed a structure similar to the 

'pyramid-based' embedded iridium nanoparticles reported by Cali et al. 185. Furthermore, 

Figure 5.7(c-d) showcases nanoparticles marked by green arrows, hinting at the presence of 

subsurface nanoparticles. These subsurface nanoparticles may result from subsurface 

nucleation or endogenous particles, as discussed in previous studies 183,186. It is important to 

note that TEM has inherent limitations as it projects three-dimensional structures onto a two-

dimensional image, making it challenging to precisely determine the precise location of these 

nanoparticles. Therefore, further investigation and validation are warranted to confirm the 

existence of subsurface or endogenous nanoparticles.  

 

Figure 5.7 TEM bright field images of L1.9NR samples reduced at 450°C in wet 5%H2/Ar for 3 hours. These 
images highlight the presence and morphology of the exsolved nanoparticles. Both socketed and ‘subsurface’ 

particles were observed in L1.9NR sample after reduction.  

(a) (b)

(c) (d)
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Figure 5.8 TEM bright field images of L1.85NR samples reduced at 450°C in wet 5%H2/Ar for 3 hours. Figure (d) 
showed the zoomed-in image of selected area in figure (c).  

From the morphology comparison of the reduced LxNR (x = 2, 1.9 and 1.85), it can be 

concluded that the stoichiometric sample L2NR showed rare exsolution of nanoparticles while 

the A-site deficient samples L1.9NR and L1.85NR showed intensive exsolution after reduction 

at relatively low-temperature, i.e., 450°C. This indicates the A-site deficiency promoted the 

exsolution as expected. When the A-site deficient double perovskite phase is exposed to the 

reducing atmosphere, the oxygen vacancy concentration increases and the structure goes 

through a destabilization process, excluding the excess B-site cations:  

La2−xNiRuO6−δ
wet 5%

H2
Ar

→       (1 −
𝑥

2
) La2−xNiRuO6−δ +

𝑥

2
Ni +

𝑥

2
Ru 5 − 1 

According to the equation above, the extent of exsolution is expected to correlate with the 

content of A-site deficiencies. In current study, the marginal difference in A-site deficiency 

concentration between the L1.9NR and L1.85NR samples, which amounts to only 2.5 at%, 

does not readily manifest itself through observable differences in the extent of exsolution based 

on morphology alone. Therefore, future investigations focus on precisely identifying the effects 

of varying A-site deficiency content would be worthy. Additionally, it is imperative to delve into 

the chemical composition of the exsolved nanoparticles, given that both nickel (Ni) and 

ruthenium (Ru) are inclined to undergo exsolution during the reduction treatment. This 

(a) (b)

(c) (d)
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behaviour can be attributed to their high reducibility and low segregation energies, as 

documented in prior research studies 179,292.  

5.3.2. Ni-Ru bimetallic nanoparticles  
As previously mentioned, the exsolution morphology of both L1.9NR and L1.85NR samples 

exhibited similarities. Therefore, for the subsequent investigation, L1.85NR was adopted as a 

representative example. XRD, XPS and STEM-EDX were used in the study of the chemical 

composition of the exsolved nanoparticles. 

Figure 5.9 illustrates the normalized Ru 3d and C 1s XPS spectra of the as prepared and 

reduced L1.85NR samples. The O 1s O-M peak was used for spectral calibration, as outlined 

in Section 4.5. To facilitate a meaningful comparison between the two spectra, the signals were 

normalized by dividing them by the Ru4+ 3d5/2 peak area, assuming that the Ru4+ content 

remained relatively constant within the double perovskite structure (as demonstrated in 

Equation 5-1). Additionally, the spectra were aligned so that the lowest points at 278 eV 

position remain same. From an examination of the spectral shapes, it is evident that an 

additional peak appeared at a lower binding energy (BE) position than Ru4+ 3d5/2 as reported 

in section 4.5, at approximately 280.5 eV. This observation is consistent with a metallic 

ruthenium phase, as reported by Briggs 293, signifying the exsolution of metallic Ru after 

reduction. Another intriguing feature is the pronounced elevation of the signal at ~289 eV BE 

position in the reduced L1.85NR sample compared to the as-prepared sample. This peak was 

attributed to the C 1s O-C=O bond, as discussed in Section 4.5. It was considered that the 

L1.85NR sample decorated with a substantial quantity of exsolved nanoparticles adsorbs more 

surface carbonate species from laboratory air compared to the as-prepared sample. This 

phenomenon suggests the potential enhancement of properties in applications related to 

catalysis and electrochemical devices.  
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Figure 5.9 Comparison of XPS signals of Ru 3d and C 1s spectra between the as-prepared L1.85NR sample (black) 
and the reduced L1.85NR sample (red). Adapted from the published work under terms and conditions of CC BY 4.0 

license. Copyright, 2022, authors.  

Figure 5.10 presents a comparison of the Ni LMM peaks between the as prepared and the 

reduced L1.85NR samples. In contrast to the ruthenium spectra, there is no conspicuous 

evidence of a Ni metal phase observed in the Ni LMM spectrum of the reduced L1.85NR 

sample. In the Ni LMM Auger spectrum reported by Biesinger et al. 288, the Ni0 LMM spectra of 

metal or alloy phases exhibited a distinctive peak at a kinetic energy (KE) position of 846.22 

eV. However, due to the low signal to noise ratio and the limited content of exsolved 

nanoparticles, the evidence of exsolution is not readily discernible when examining the Ni LMM 

Auger spectra of these samples.  
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Figure 5.10 (a) Comparison of Ni LMM spectra of L1.85NR before and after reduction. Adapted from published 
work 254 under terms and conditions of CC BY 4.0 license. Copyright 2022, authors. (b) Ni LMM spectra of Ni0 
phases. Reused under permission from reference 288. Copyright 2012, Royal Society of Chemistry.  

Therefore, STEM and EDX was employed to investigate the elemental composition of the 

exsolved nanoparticles on the surface of the L1.85NR grains after reduction at 450°C in 

5%H2/Ar for 3 hours.  Figure 5.11 displays the Cs probe-corrected high-angle annular dark-

field (HAADF) STEM image of the reduced L1.85NR sample, clearly illustrating the socketed 

structure of the exsolved nanoparticles at the edge of a L1.85NR grain. The socketed structure 

is evident in the two particles marked by white arrows in Figure 5.11(a) and the particles shown 

in Figure 5.12. Consistent with the XPS analysis, the presence of ruthenium metal phase in 

the exsolved nanoparticles was observed. However, nickel is also present at the nanoparticle 

positions, while no oxygen and lanthanum enrichment were observed, indicating the presence 

of nickel metal phase. 
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Figure 5.11 HAADF STEM images and corresponding EDX analysis maps of the L1.85NR sample reduced at 450°C 
in wet 5%H2/Ar for 3 hours. The white arrows indicate the observation of the socketed structure, with a clearer 
display provided in Figure 5.12(d). The magenta arrow highlights the same particle analysed in Figure 5.13. Adapted 
from published work 272 under terms and conditions of CC BY 4.0 license. Copyright, 2022, authors.  

 

Figure 5.12 HAADF STEM images of L1.85NR sample reduced at 450°C in wet 5%H2/Ar for 3 hours, displaying 
details of the particle shape and particle-bulk interface.  

Figure 5.13 shows the zoomed-in HAADF STEM image of the exsolved nanoparticles found 

on the surface of the reduced L1.85NR sample (as previously shown in Figure 5.11), along 

with fast Fourier transform (FFT) analysis of a selected area. The exsolved nanoparticle 

marked by the red dashed square in Figure 5.12(a) was chosen for detailed image analysis 

due to its crossed fringe pattern, which offers enhanced precision and reliability. Image analysis 

O  i

Ru  a

(a) (b)

   nmHAADF



118 
 

was performed using Digital Micrograph 294 and ImageJ 295 software was used for the image 

analysis. The area within the red dashed square was converted into an FFT pattern, as 

displayed in the inserted image in Figure 5.12(a). The pattern was indexed to planes with [1̅ 2 

1̅ 3] zone axis of hexagonal close-packed (hcp) structure. To provide a clearer visualization of 

the lattice fringes in the selected area, a filter was applied to the FFT pattern, and a 

corresponding reverse FFT was performed. This is presented in Figure 5.13(b). The spacing 

of the FFT spots corresponds to real space interplanar spacings of 2.27(1) and 1.94(1) Å, 

attributed to the (101̅0) and (01̅11̅) planes of a Ni–Ru alloy with a hexagonal lattice structure 

(P 63/mmc, ICSD 646325) 296. These spacings are also evident in the measurements of 'fringes 

1' and 'fringes 2' on the contrast of the reverse FFT patterns in Figure 5.13(c, d). The angle 

between the two sets of fringes measures 64°, further confirming the hexagonal phase of the 

selected nanoparticles. The monometallic phase of Ni possesses an Fm-3m cubic structure, 

while Ru exhibits a hexagonal P63/mmc structure. The hexagonal planes d-spacings of the Ru 

metallic phase are 1.59Å, 2.05Å, 2.14Å, and 2.39Å respectively. Upon comparison with Ru 

reflections, the measured d-spacings are closer to the attributed planes (2.32Å and 2.03Å). 

Therefore, combined with the results in Figure 5.1, the observed particles are considered to 

be Ni0.32Ru1.68. 

 

Figure 5.13 (a) HAADF STEM image of exsolved nanoparticles on the surface of L1.85NR bulk. The inset image 
shows the FFT pattern derived from the area marked by the red dashed square. (b) Combined patterns of two sets 
of diffraction fringes (Fringes1 and Fringes2) of the exsolved particles (from region marked by the red dash square). 
Inverse FFT of the two FFT spots marked by red dots in (a) were used to generate the pattern. Adapted from 
published work under terms and conditions of CC BY 4.0 license. Copyright 2022, authors. (c, d) Plots of contrast 
vs. spacing for Fringe 1 and Fringe 2, respectively, revealing the values of lattice spacings.  

Figure 5.14 showed the XRD patterns of L1.85NR sample reduced in wet 5%H2/Ar at 450°C 

for 3 hours. As expected, the XRD pattern confirms that the main double perovskite structure 

remains intact after reduction, with two additional features appearing at 44.1° and 44.5° in the 

2θ position. These two secondary peaks are attributed to the exsolved bimetallic phase, 

namely, Ni0.32Ru1.68 with a hexagonal P63/mmc structure (ICSD 646325) 296 and Ni0.944Ru0.056 

with a face-cantered cubic Fm-3m structure (ICSD 197164) 291. This observation indicates the 

presence of two types of nanoparticles with varying Ni and Ru ratios in the L1.85NR sample 
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after reduction. The detection of the peak at 44.5° is consistent with the analysis of the STEM 

images (Figure 5.13). Hence, it can be concluded that the relatively low-temperature reduction 

in wet 5%H2/Ar at 450°C for 3 hours leads to the exsolution of Ni and Ru cations, resulting in 

the formation of bimetallic nanoparticles on the surface of the L1.85NR double perovskite. As 

discussed in Section 2.3.2, compared to Ni, Ru possesses a lower Gibbs free energy difference 

for the reduction from metal oxides to metallic phase. Hence, it is suggested that Ru is easier 

and earlier to be exsolved. Additionally, based on the study of the exsolution of Co-doped 

Sr2Fe1.5Mo0.5O6−δ
212, it has been demonstrated that the exsolution of Co facilitates Fe 

exsolution forming alloy nanoparticles, where Fe exhibits ΔG close to zero and is less favoured 

by exsolution. Therefore, it can be proposed in this work that the exsolution of Ru creates 

cation defects and local oxygen vacancies, further promoting the exsolution of Ni and the 

formation of alloy nanoparticles.  

 

Figure 5.14 XRD pattern of L1.85NR sample reduced at 450°C in wet 5%H2/Ar for 3 hours. The insert plots showed 
zoomed-in display of 2θ range 41-49°, showing the details of secondary phase diffractions. Adapted from published 
work 272 under terms and conditions of CC BY 4.0 license. Copyright, 2022, authors.  

The HAADF STEM images and EDX maps in this subsection were obtained through 

collaboration with Dr R. Cai and Prof. S Haigh from University of Manchester. The author would 

like to acknowledge their effort and assistance in operation and collecting these data on a 

Thermo Fisher Titan STEM (G2 80-200) microscope equipped with a Cs probe corrector 

(CEOS), a ChemiSTEM Super-X EDX detector, and subsequent TEM data analysis.  

5.4. Dry reduction  

In addition to the investigation in wet atmosphere, the reduction in dry atmosphere has been 

demonstrated to be too aggressive for the stoichiometric phase L2NR in Section 5.2. While the 

introduction of A-site deficiency and moisture in the atmosphere has been proven effective in 
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preserving the double perovskite structure. However, the outcome of reducing L1.85NR at 

450°C in a dry atmosphere remains uncertain. Therefore, in this section, XRD, XPS and SEM 

analyses were employed to explore the morphological changes in L1.85NR samples subjected 

to dry 5%H2/Ar reduction.  

Figure 5.15 shows the XRD pattern of the L1.85NR sample reduced in dry 5%H2/Ar at 450°C 

for 3 hours. While the main diffraction peaks align with the double perovskite structure with 

monoclinic space group P21/n (ICSD 96120) 265, a pronounced feature at 44.5°C is attributed 

to the Ni-Ru alloy phase. This observation aligns with the results obtained from wet-reduced 

L1.85NR samples. Further confirmation is provided by SEM images presented in Figure 5.16, 

which clearly depict exsolved nanoparticles on the surface of the grain. Figure 5.16 (a-d) 

showed the morphology of four grains of L1.85NR after dry reduction. From the inserted 

images, it can be observed that these nanoparticles exhibit fine sizes and a substantial 

population. There are also some bright species present on the surface of L1.85NR grain, as 

shown in Figure 5.16 (a, d), which might be due to the small fragments or contamination 

involved during manual griding of the parent double perovskite powder, while the actual 

composition of these bright species needs further study with BSE or EDX. Additionally, Figure 

5.17 displays the XPS spectra of Ru 3d and C 1s orbitals for the L1.85NR ample after dry 

reduction. Much like the wet-reduced sample, the presence of an additional Ru0 3d5/2 peak at 

280.76 eV is indicative of exsolved Ru metal phase.  

Therefore, the results indicate that dry reduction at 450°C for 3 hours is also effective in 

promoting the exsolution of bimetallic nanoparticles. These findings provide important insights 

for subsequent investigations utilizing dry atmospheres discussed in Chapter 6. 
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Figure 5.15 XRD pattern of L1.85NR sample reduced at 450°C in dry 5%H2/Ar for 3 hours. The inset plots show a 

zoomed-in display of 2θ range 43-47°, showing the details of secondary phase diffraction. 

 

Figure 5.16 SEM images of L1.85NR sample reduced at 450°C in dry 5%H2/Ar for 3 hours, providing a general view 
of four areas (a-d).The inserted images detail the presence of exsolved nanoparticles on surface of grain by 
sharpened display with varied brightness and contrast of the area selected by the dash box. The scale bar of the 
inserted images referred to the dash box area of the original images. 

(a) (b)

(c) (d)
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Figure 5.17 Comparison of XPS spectra of Ru 3d and C 1s spectra between the as-prepared L1.85NR sample 
(black) and the dry reduced L1.85NR sample (red). 

5.5. Temperature-dependent exsolution  

In this section, reduction experiments at temperatures below 450°C were conducted, and the 

morphology evolution of exsolved nanoparticles was investigated using TEM. Figures 5.18 to 

5.20 present TEM images of the L1.85NR sample reduced at 350°C, 400°C, and 450°C, 

respectively. Intriguingly, the exsolved nanoparticles in the L1.85NR sample reduced at the 

lowest temperature (350°C) exhibited more uniformly distributed nanoparticles compared to 

samples reduced at higher temperatures (Figure 5.18). Additionally, the particle size in the 

higher-temperature reduced samples appeared to be larger. 

As depicted in Figure 5.18 (a-d), which illustrates the morphology of the L1.85NR sample 

reduced at 350°C at various magnifications, an abundance of homogenous and uniformly 

dispersed nanoparticles was observed on the surface of the bulk grains. In contrast, the 

exsolved nanoparticles resulting from reduction at 400°C exhibited a wider range of sizes, as 

evident in different areas in Figure 5.19 (a-d). Similarly, the L1.85NR sample reduced at 450°C 

(Figure 5.20 a-d) demonstrated even more noticeable variations in the size of the exsolved 

nanoparticles. For example, this disparity can be observed in the two nanoparticles highlighted 

by orange arrows in Figure 5.20 (b). 

Figure 5.21 summarizes the average particle size and size distribution of the exsolved 

nanoparticles observed in Figures 5.18 to 5.20. A total of 250 exsolved particles (over 70 for 

each temperature condition) were manually selected and measured using ImageJ software 295. 

From 350°C to 400°C, the average size of the exsolved particles remained at approximately 

2.3 nm (2.25 ± 0.05 nm at 350°C and 2.35 ± 0.07 nm at 400°C, respectively). However, when 
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the reduction temperature increased to 450°C, the particle size also increased to 

approximately 3.72 ± 0.11 nm. The size distribution showed a narrower range of particle sizes 

in the L1.85NR sample reduced at 350°C, while a broader distribution of particle sizes was 

observed in the sample reduced at 450°C. This is in agreement with previous studies that 

suggest exsolved particles tend to nucleate at low temperatures but favour growth at higher 

temperature ranges 182,200. According to classic nucleation and growth theory, at low 

supersaturation levels (high temperature), crystals can grow faster than they nucleate, leading 

to larger crystal sizes. At low temperatures, the kinetic energy of particles in the system is 

relatively low. Consequently, it is more difficult for atoms or molecules to overcome energy 

barriers to the existed nuclei and grow larger. Therefore, higher temperatures enhance the 

growth rate while suppressing the nucleation rate297. 

The XRD patterns of the L1.85NR sample reduced at 350-450°C are presented in Figure 5.22. 

In alignment with the dry-reduced sample in Section 5.4, a diffraction peak at 44.5°, attributed 

to the Ni-Ru alloy phase (ICSD 64352) 296, was observed. Notably, the full width at half 

maximum (FWHM) of the 44.5° diffraction peak tended to be wider for the sample reduced at 

lower temperatures, indicating finer particle sizes. This is in agreement with the observation of 

TEM images (Figure 5.18-21). STEM-EDX analysis of the L1.85NR sample reduced at 350°C 

is depicted in Figure 5.23. Interestingly, an increase of the Ru signal is clearly observable, 

indicating the exsolution of Ru metal phase. However, the increase of the Ni signal in the EDX 

maps is only present in two nanoparticles marked by magenta dashed circles. This suggests 

that the exsolution of Ru and Ni may occur at different stages depending on the temperature. 

As discussed earlier, the different Gibbs free energy values of ruthenium and nickel oxides, as 

well as their reduced metal phases, indicate differing abilities of Ru and Ni to undergo 

exsolution. Additionally, at lower temperatures (such as 350°C), the kinetics of cation mobility 

are slow, hindering the formation of well-crystallized bimetallic phases. Therefore, further 

investigation using in-situ characterization techniques is necessary to elucidate these 

phenomena. 
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Figure 5.18 TEM images of L1.85NR sample reduced at 350°C in dry 5%H2/Ar for 3 hours. (a) 250k; (b) 400k at the 
same area of (a); (c-d) 120k.  

 

Figure 5.19 TEM images of L1.85NR sample reduced at 400°C in dry 5%H2/Ar for 3 hours at different magnifications: 
(a) 300k; (b) 400k at the same area of (a); (c) 150k; (d) 300k.  
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Figure 5.20 TEM images of L1.85NR sample reduced at 450°C in dry 5%H2/Ar for 3 hours at different magnifications: 
(a-b) 300k; (c) 250k; (d) 120k. 

 

Figure 5.21 (a) Particle size evolution with increasing temperature from 350 to 450 °C. The particle sizes are 
average values measured by ImageJ software from a total of 250 manually selected exsolved particles (more than 
70 for each temperature condition). Error bars represent the standard error of the average particle size. e) Particle 
size distribution of nanoparticles exsolved under different temperatures. Adapted from published work under terms 

and conditions of CC BY 4.0 license. Copyright 2022, authors.  

(a)

(c)

(b)

(d)
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Figure 5.22 XRD patterns of the L1.85NR samples reduced in wet 5%H2/Ar at 450°C, 400°C and 350°C for 3 hours. 
The green droplines indicated Bragg position of double perovskite (ICSD 96120 265). The inset plots show the subtle 
peaks of the Ni0.32Ru1.68 metallic phase (ICSD 646325 296). Adapted from published work under terms and 
conditions of CC BY 4.0 license. Copyright 2022, authors.  

 

Figure 5.23 HAADF electron image of the L1.85NR sample reduced at 350°C in wet 5%H2/Ar (a) and corresponding 
STEM EDX maps of La, Ru, Ni and O elements in the area of the electron image (b). Adapted from published work 
under terms and conditions of CC BY 4.0 license. Copyright 2022, authors.  

5.6. Summary and Future Work  

In this chapter, the exploration was initiated by investigating the stability of both the 

stoichiometric double perovskite L2NR and the A-site deficient double perovskite L1.85NR 
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under reducing atmospheres. The decomposition as the reduction temperature increased 

beyond a certain threshold was observed, indicating limitations to their stability in such 

conditions. Subsequently, at the same reduction temperature of 450°C, the exsolution of 

nanoparticles in the A-site deficient samples L1.85NR and L1.9NR was observed, while the 

stoichiometric phase did not exhibit this behaviour, underscoring the impact of the A-site 

deficiency. 

In a detailed study of dense L1.85NR pellets after wet reduction at 450°C for 3 hours, the 

variations in the populations of exsolved nanoparticles among different grains and grain 

orientations was characterized. Further chemical composition analysis of wet-reduced 

L1.85NR samples at 450°C for 3 hours revealed the presence of Ni-Ru bimetallic nanoparticles 

as the exsolved phase. Additionally, L1.85NR samples reduced in dry atmospheres also 

showed the exsolution of uniformly fine nanoparticles. However, the distinctions between dry 

and wet reduction in terms of particle morphology and chemical composition require additional 

exploration. 

Finally, the evolution of exsolved nanoparticles with varying reduction temperatures in the low-

temperature range was examined. Wet reduction at 350°C resulted in smaller and finer 

exsolved nanoparticles, with STEM-EDX analysis suggesting a higher content of exsolved Ru 

mono-metal phase rather than Ni-Ru alloy particles. This underscores the necessity for future 

investigations to discern the exsolution behaviours of Ni and Ru at varying temperatures. 
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Chapter 6 In-situ investigation of L1.85NR exsolution behaviour 

and its electrochemical performance 

6.1 Introduction  

The exsolution of Ni-Ru metal nanoparticles from the A-site deficient double perovskite has 

been previously demonstrated in Chapter 5. In Chapter 6, thermogravimetric analysis (TA) was 

employed to investigate the associated mass loss during the reduction process at 450°C. To 

further explore the influence of exsolution on the electrochemical performance of the A-site 

deficient double perovskite L1.85NR, which has potential applications as an electrode in solid-

oxide cells (SOCs), this chapter utilizes in-situ observation of electrochemical impedance 

spectroscopy (EIS) and single cell testing to evaluate the exsolved nanoparticle decorated 

L1.85NR as a fuel electrode. In addition, in-situ transmission electron microscopy (TEM) and 

scanning transmission electron microscopy (STEM) combined with energy dispersive X-ray 

(EDX) analysis are employed to observe the exsolution behaviour of L1.85NR. Collaboration 

with Prof. Simone Mascotto from the University of Koblenz and the Deutsches Elektronen-

Synchrotron (DESY) center also contributes to in-situ characterization, utilizing anomalous 

small-angle X-ray scattering (ASAXS, Appendix 1) and wide-angle X-ray scattering (WAXS) 

techniques.  

The samples and acronyms mentioned in this chapters are: La2NiRuO6 (L2NR) and 

La1.85NiRuO6-δ (L1.85NR). 

6.2 Thermogravimetric analysis  

Thermogravimetric analysis (TA) was employed for in-situ observation of mass loss during 

thermal treatment in a reducing atmosphere. Due to instrumentation constraints, dry gas was 

introduced into the measurement chamber for the reduction of L1.85NR. It is noteworthy that 

dry reduction also promoted the exsolution of Ni-Ru nanoparticles as discussed in Section 5.4. 

However, given the higher hydrogen partial pressure in dry conditions compared to wet 

atmospheres, the mass loss behaviour should exhibit a more pronounced exsolution response.  

Figure 6.1 presents the TA curves alongside the temperature program vs. time. During the 

measurement, a flow of 5%H2/Ar gas at a rate of 60 ml/min was maintained. The L1.85NR 

sample was heated to 450°C at a heating rate of 5°C/min and held at this temperature for 3 

hours, following the same treatment procedure discussed in Section 5.4. The TG curve 

(depicted in red in Figure 6.1) showed a stable mass until 300°C, where an onset of mass loss 

was initiated. In the thermal behaviour investigation of the stoichiometric phase L2NR in 

Section 4.6, a mass loss of 0.05% due to the removal of moisture and carbonates was 

observed in the temperature range of 200-300°C. However, in this study, no mass loss was 

observed in this temperature range. Instead, the initial step of mass loss measured 0.04% from 
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300 to 360°C, corresponding to the moisture loss observed in Section 4.6. In the subsequent 

treatment, the TG curve continued to decrease until reaching a stable plateau during the dwell 

time.  

As discussed in Chapter 2, the exsolution process encompasses oxygen loss, mass diffusion, 

nucleation, and particle growth. Luo et al. 298 investigated Ni exsolution from stoichiometric and 

A-site deficient lanthanum strontium chromium oxide using TGA and reported ~2.5% total 

mass loss for La0.6Sr0.3Cr0.85Ni0.15O3-x in 5%H2/N2. In their subsequent work on Ni-Fe exsolution 

from La0.6Sr0.4Fe0.8Ni0.2O3‑δ, they reported a mass loss of 3.48% accompanying the reduction 

of the materials and exsolution of Ni and Fe cations 299. However, in this study, a much smaller 

mass loss was observed during the reduction of L1.85NR double perovskite.  

Starting at 360°C, with increasing reduction temperature, the mass loss rate dramatically 

increased, reaching its maximum rate at 384°C as indicated by the peak position in the DTG 

curve. The total mass loss was measured as 0.37%, stabilizing after dwelling for 130 minutes. 

The primary cause of mass loss in the sample is the reduction of the sample and the loss of 

oxygen. The 0.37% mass loss suggests a loss of oxygen, lO, at 0.11 mol per mol of the L1.85NR 

sample, in accordance with the equation reported by Amaya-Dueñas et al. 300:  

𝑙𝑂 =
𝑀𝑊𝐴𝐵𝑂3
𝐴𝑂

𝛥𝑚 

Where MWABO3 represents the molecular weights of the as-prepared perovskite sample; AO 

indicates the atomic weight of oxygen and Δm is the measured mass loss. 

Compared to Ni exsolution and Ni-Fe exsolution from lanthanum strontium chromates and 

lanthanum strontium ferrites 298–300, the oxygen loss observed in L1.85NR is smaller. This 

limited oxygen loss is associated with a substantial amount of exsolved nanoparticles, likely 

benefiting from the abundant distribution of Ni and Ru cations in the system. Moreover, the 

relatively small oxygen loss suggests the lattice structural stability of the double perovskites 

during reduction in 5%H2/Ar at 450°C. In the isothermal stage of the reduction, the loss of 

oxygen reached a plateau after 130 minutes of dwelling. This plateau indicates a restricted 

extent of exsolution, with no further loss of mass observed, signifying no additional loss of 

oxygen and reduction of the double perovskite. During this stage, as no further exsolved 

nanoparticles were generated, the existing nanoparticles could potentially undergo 

agglomeration during subsequent long-term heat treatment. 
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Figure 6.1 TG and DTG curves as well as corresponding temperature profiles as a function of time, encompassing 
both the heating and dwelling stages.  

6.3 In-situ electrochemical impedance spectroscopy (EIS) and full cell test  

To investigate the electrochemical performance of L1.85NR and the effects of Ni-Ru bimetallic 

nanoparticle exsolution, we conducted in-situ observations of electrochemical impedance 

responses at 450°C with wet 5%H2/Ar supplied to the measurement condition. Additionally, 

single cells with lanthanum nickel ruthenates as the anode were fabricated for full-cell testing 

under the operating conditions of SOFCs.  

6.3.1 In-situ EIS observation  

Symmetric cells, specifically L1.85NR/LSGM/L1.85NR, were synthesized using the fabrication 

method outlined in Section 3.2.4. The testing rig employed is illustrated in Figure 3.14 in 

Chapter 3. The samples were heated to 450°C and allowed to equilibrate at this temperature 

for 40 minutes to 1 hour to ensure temperature equilibrium inside the tested cell. Impedance 

spectra were initially obtained in static air at open-circuit voltage (OCV), represented by black 

circles in Figure 6.2. In the lower-temperature range of SOC operations, the high-frequency 

EIS response is typically associated with electrolyte grain/grain boundaries 260. Given the 

complexity of the responses from both L1.85NR electrode and LSGM electrolyte, along with 

the interfaces, fitting the entire spectrum with simple resistor and constant phase element 

(R/CPE) components posed a challenge. Since the focus of this study was primarily on the 

electrodes and electrode surfaces, fitting the low-frequency arc was implemented, in which the 

arc was fitted with a series of resistors and two R/CPE components. The fitted results are 

summarized in Table 6.1, with the area-specific resistance of the electrode resistance 

determined to be 291Ωcm2 (RH, RL-1 and RL-2 in Table 6.1).  

-0.37%

383.97°C

300°C

-0.04%360°C
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Figure 6.2 (a) Nyquist plot and the fitted result of symmetric cell in static air. The inset sketch is the equivalent circuit 
for fitting the second arc. (b) Bode plot (phase-shift vs log frequency) and the fitted result of symmetric cell measured 
in static air. The fitted result plot (red line) showed the estimated spectrum of the equivalent circuit in a wide 
frequency range (10-5 to 107 Hz). 

Subsequently, a wet reducing atmosphere was introduced into the testing rig for the reduction 

treatment, mirroring the procedures outlined in Chapter 5. A water bubbler was incorporated 

into the gas line, introducing approximately 3% moisture into the 5%H2/Ar mixture. Figure 6.3 

illustrates the initial EIS responses in wet 5%H2/Ar within 40 minutes, in a comparison with the 

EIS spectrum obtained in air. Each spectrum, covering a frequency range from 1 MHz to 50 

mHz, required 11 to 15 minutes for scanning. The starting time for each spectrum was manually 

recorded. It is readily noticeable that, towards the end of the first spectrum after reduction 

(represented by 'blue squares' in Figure 6.3), the low-frequency arc begins to bend, signifying 

the onset of decreasing low-frequency impedance. This bending of the low-frequency arc 

becomes more pronounced in the second spectrum recorded after 11 minutes of reduction 

(depicted as 'red triangles' in Figure 6.3). The EIS spectrum measured after 11 minutes of 

reduction exhibits significant reduction in the low-frequency arc during the measurement, as 

displayed in the inset plots of Figure 6.3. The EIS spectra acquired after 25 minutes and 40 

minutes of reduction exhibit identical shapes, suggesting that the sample's response is 

approaching a relatively stable state. Consequently, the spectrum obtained after 25 minutes of 

reduction was selected for fitting with equivalent circuits.  

Before proceeding with the fitting process, it is crucial to ensure that the measured sample has 

reached a state of equilibrium. Therefore, K-K tests, as outlined in Section 3.5.3, were 

employed to assess the quality of the EIS data. The relative residuals of the imaginary and real 

components are depicted in Figure 6.4 and are all below 1%, signifying the high quality of the 

EIS spectrum measured after 25 minutes of reduction. It is noteworthy that all fitted spectra in 

(a)

(b)

R   R    RS   RH 

C E   C E   
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this study successfully passed the K-K test (residual < 1%) before conducting the fitting, 

including the spectrum measured in static air, as shown in Figure 6.2. 

 

Figure 6.3 In-situ impedance spectra of the symmetric cell measured in air and humidified 5% H2/Ar for different 

dwell times: 0, 11, 25, and 40 min. 

 

Figure 6.4 Residual plot (%) of the impedance spectrum of the symmetric cell measured in humidified 5% H2/Ar 
after 25 mins of reduction.  

The fitting results of the EIS spectrum of L1.85NR/LSGM/L1.85NR symmetric cells are as 

shown in Figure 6.5 and Table 6.1. The total area specific resistance (ASR) decreased to ~28.6 

Ωcm2. The low-frequency resistances were attributed to electrochemical reactions, while the 

large chemical capacitance of 10-2 F was reported to be related to the low oxygen stoichiometry 

of the electrode 301. However, the accurate separation of each component in the EIS spectra 

need further systematic investigation including DRT analysis combined with varied oxygen 

particle pressure and temperature etc. In this work, linked with the observation of exsolved 

nanoparticles in Chapter 5, the decreased ASR results were considered to be a result of the 

reduction and exsolution. The significant decrease of the impedance indicates that the 
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exsolved nanoparticles on the surface of the electrode grains improve the density of triple-

phase boundaries and promoted the hydrogen oxidation kinetics.  

As discussed in Section 2.3, the exsolution process involves the reduction of the perovskite, 

leading to the formation of oxygen vacancies and cation vacancies, followed by cation diffusion, 

nucleation, and growth. Consequently, the electrical conductivity of the electrode is expected 

to alter during the exsolution process, which could be reflected in the EIS response. 

Theoretically, the creation of B-site vacancies and oxygen vacancies would hinder the 

electronic hopping of charge carriers302,303. However, in the study of Ni exsolution, Yu et al.304 

found a significant increase in the conductivity of the La0.2Ba0.7Sn0.9Ni0.1O3−δ support film (from 

54 to ∼700 S·cm−1) due to electron conduction between delocalized Sn5s orbitals in the 

stannate support with Ni nanoparticles. Similarly, Wang et al.305 utilized in-situ XPS coupled 

with DC conductivity measurement to investigate Fe exsolution from La0.6Sr0.4FeO3 films. They 

observed that Fe0 exsolution profoundly modulated the bulk conductivity of the LSF film, 

attributing the more than 100 times higher electrical conductivity enhancement by localized 

enriched electronic charge carriers in the percolation channel and the formation of 

heterostructure interfaces. 

In this work, the exsolution of Ni and Ru cations would lead to the formation of oxygen 

vacancies (VO
∙∙) and cation vacancies (VNi'' and VRu'''), theoretically increasing ionic 

conductivity306 but suppressing electronic conductivity. Additionally, the presence of partially 

reduced Ru4+ would produce localized electronic charge carriers. Therefore, it is necessary to 

investigate the physical phenomena and contributions to the decreased impedance through 

equivalent circuit fitting, as discussed below.  
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Figure 6.5 (a) Nyquist plot and the fitted result of symmetric cell reduced in wet 5%H2/Ar for 25mins. The inset 
sketch is the equivalent circuit for fitting the second arch. (b) Bode plot (phase-shift vs log frequency) and the fitted 
result of symmetric cell reduced in wet 5%H2/Ar for 25mins. The fitted result plot (red line) showed the estimated 
spectrum of the equivalent circuit in a wide frequency range (10-5 to 107 Hz). Adapted from the published work 272 
under terms and conditions of CC BY 4.0 license. Copyright 2022, authors.  

Figure 6.6 depicts the impedance behaviour of the symmetric cell, showing a slight increase 

over the following 12 hours of reduction. During this 12-hour reduction period, the low-

frequency arc gradually increased to 41.5 Ωcm² (as documented in Table 6.1). This 

phenomenon may be associated with factors such as a reduction in electronic conductivity, 

alterations in surface oxygen stoichiometry, or the loss of active surface area due to particle 

agglomeration as observed in the TG analysis presented in Figure 6.1. To pinpoint the exact 

cause and devise potential solutions, further investigations are needed to optimize cell 

structure, electrode microstructure and electrode composition.  

 a 

 b 

R   R    RS   RH 

C E   C E   
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Figure 6.6 In-situ impedance spectra of the symmetric cell measured in wet 5% H2/Ar for different dwell times from 
25 mins to 12 hours. Adapted from the published work 272 under terms and conditions of CC BY 4.0 license. 
Copyright 2022, authors.  

Table 6.1 Fitting results of the impedance spectrum measured after different reduction times. Rs denote ohmic 
resistance read through the intercept of the impedance arcs. RH denote the resistance of the high-frequency part 
of the spectrum. RL-1/CPE1 and RL-2/CPE2 are resistances, and constant phase elements contribute to the low-
frequency part of the spectrum. Adapted from the published work 272 under terms and conditions of CC BY 4.0 

license. Copyright 2022, authors.  

 

 

Figure 6.7 SEM images of the microstructure of L1.85NR/LSGM/L1.85NR symmetric cell before (a) and after (b) 
EIS measurements.  

C      C E   C E       
R      

cm  
C      C E   C E       
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2.73 10-20.55(1)0.011(3)27(2)4.72 10-40.43(3)0.0043(1)5.1(8)9.4(1)26.2720
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Figure 6.8 XRD pattern of the symmetric cell after EIS test in wet 5%H2/Ar. 

Figure 6.7 presents SEM images of the L1.85NR electrode surfaces before and after the EIS 

measurement, revealing a roughened surface after 12 hours of reduction in wet 5%H2/Ar. This 

roughness can be attributed to the extensive exsolution process. The XRD pattern in Figure 

6.8 confirms the chemical compatibility and stability of LSGM and Ag paste with the L1.85NR 

electrode during the reduction and measurement. However, the diffraction peak of the exsolved 

nanoparticles is not very prominent, possibly due to the low fraction of exsolved nanoparticles 

and limitations in the detection capabilities of the diffractometer. 

Combining these observations with those from Chapter 5 and the SEM images, it can be 

concluded that during the reduction of L1.85NR, Ni and Ru cations exsolve. The observations 

in Figure 6.3 indicate fast kinetics of particle exsolution, occurring within just 11 minutes of 

exposure to the reducing atmosphere. Furthermore, the decrease in impedance curves 

demonstrates approximately a 90% enhancement in the ASR of the materials, suggesting the 

potential application of Ni-Ru nanoparticle-decorated L1.85NR as an electrode in SOCs.  

6.3.2 Fuel cell test  

In addition to the EIS observations of the symmetric cell, full cells with a configuration of 

LxNR(x = 2 and 1.85)/ La0.8Sr0.2Co0.8Fe0.2O3-δ (LSCF8282) were also investigated under the 

working conditions of SOFCs. The cell fabrication methods were detailed in Chapter 3. A similar 

setup to the EIS measurement, as shown in Figure 6.9, was employed for the single full cell 

measurements. The microstructure of the fabricated cell is presented in Figure 6.10. The 

current collector had not been added yet to provide a clearer view of the electrode and 

electrolyte under SEM. The electrodes were both 30-40 µm thick (Figure 6.10 a, b). The cross-

section view (Figure 6.10, c, e, and f) and top view (Figure 6.10, d) confirmed the presence of 

sufficient porosity for the gas to reach the triple phase boundary (TPB) and establish 

connections between electrode particles. However, it is observed that the population of active 
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sites at the triple phase boundary is limited in Figure 6.10 (c and f), suggesting the need for 

further optimization in the future.  

 

Figure 6.9 Schematic illustration of testing rig set-up for the single cell test. 

Two single cells with L1.85NR and L2NR as fuel electrodes, respectively, were initially exposed 

to wet 5%H2/Ar to promote the exsolution of Ni-Ru nanoparticles. In-situ EIS measurements, 

similar to the symmetric cell measurements, were also conducted as shown in Figure 6.11. 

The single cells were heated to 450°C, and the fuel electrode (L1.85NR) was reduced in wet 

5%H2/Ar for 130 minutes. Ceramic sealant was used for making sure the separation of the fuel 

gas and air to avoid leakage. Consistent with the findings from the symmetric cell study, a 

decrease in impedance was observed during the reduction of the fuel electrode (L1.85NR). 

However, for the single cell with the stoichiometric phase L2NR as the fuel electrode, no such 

decrease in impedance was observed during reduction. This is consistent with the 

observations in Section 5.3.2, where it was shown that A-site deficiency promotes the 

exsolution of B-site cations, while the stoichiometric phase exhibits rare exsolution. Additionally, 

the initial EIS spectra of the L1.85NR/LSGM/LSC82 single cell showed lower ASR compared 

to L2NR/LSGM/LSCF82 cell. This is due to the introduction of A-site deficiency in the double 

perovskite, which enhances the ionic conductivity of the material, as reported in previous 

studies 307,308. However, it's worth noting that the creation of B-site deficiencies has been 

reported to impede electronic charge carriers 307, because electronic charge carriers typically 

conduct through 'B-O-B' site hopping 302,303,309. This provides insights into the EIS observations 

of symmetric cells subjected to 12 hours of reduction. Additionally, the decrease in conductivity 

of L1.85NR during the long-term reduction suggests that L1.85NR is governed by p-type 

charge carriers, and the partial reduction of Ru4+ was insufficient to compensate for the loss of 

hopping electrons.  
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Figure 6.10 SEM images depict the microstructure of both the cross-sectional view and top view of the fabricated 
single cell before electrochemical test, with the current collector omitted.(a) cross-section of the single cell; (b-c) 
cross-section view highlighting the microstructure of L1.85NR electrode; (d) top view of the L1.85NR electrode; (e-
f) cross-section view highlighting the microstructure of LSCF electrode. 

The testing atmosphere was switched to wet 100% H2 after 130 minutes of reduction for the 

measurement of I-V curves. OCV was measured before the scanning of I-V curve to make 

sure the equilibrium state of the cell measurement. OCV were stable at ~0.98V within 1mins 

of measurement. According to Nernst Equation (equation 1-8), based on the theoretical cell 

voltage E0 (1.23V), the cell voltage at 600°C (893K) is calculated as 1.09V. As mentioned 

above, ceramic sealant was used in the sealing for gas tightening, however, there might be 

microstructural crack exist which sacrificed the cell voltage due to the gas cross-over. 

Therefore, the testing method could also be improved and modified in the future’s study.  

As discussed in section 5.2, the double perovskite structure of L1.85NR was characterized as 

stable and maintaining its main structure after reduction at 600°C in wet 5%H2/Ar. Hence, the 

I-V curve measurements were attempted at 450°C and 600°C, as shown in Figure 6.12. Power 

densities were calculated based on the I-V measurements to evaluate the power generated 

per unit area, as plotted in Figure 6.12. Comparing the power density curves in Figure 6.12 (b), 

the peak power density measured at 450°C was 12 mWcm-2, which was ten times higher than 

the cell with the stoichiometric phase L2NR as an anode. This confirms the enhancement of 
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electrochemical performance due to the exsolution of Ni-Ru nanoparticles. Similarly, a 

significant higher power output at 70 mWcm-2 was also measured for the L1.85NR cell at 600°C. 

Compared to the peak power density achieved by state-of-the-art fuel cells, the 

L1.85NR/LSGM/LSCF82 single cell exhibits twelvefold less in performance. Nevertheless, the 

notable performance enhancement resulting from the exsolution of Ni-Ru nanoparticles offers 

promising prospects for the utilization of the exsolution method within the field of SOCs. 

Besides, the second repeat of the I-V curve measurement showed a slight decrease, while the 

L2NR cell repeated itself. This is contrary to our expectation that L1.85NR is more stable in a 

reducing atmosphere, which is possibly attributed to the testing condition of 100%H2 that was 

too aggressive, while the reason behind this still needs further exploration in the future.  

 

Figure 6.11 In-situ EIS spectra measured at 450°C in wet 5%H2 of the single cell with (a) L1.85NR and (b) L2NR 
as fuel electrode. 
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Figure 6.12 I-V curves and power density measured at 450°C and 600°C in commonly working atmosphere of 
SOFC with the single cells employing (a) L1.85NR and (b) L2NR as fuel electrode. 

Post-tested cells were subjected to XRD and SEM measurements to ensure that the reduction 

treatment led to the exsolution of Ni-Ru nanoparticles. Figure 6.13 shows the cross-section 

view of the L1.85NR electrode after the fuel cell test. Exsolved nanoparticles were observed 

homogeneously distributed on the surface of the L1.85NR electrode. The particle size was 

larger than previously observed in section 5.3.1, which was attributed to the high-temperature 

reduction and measurement at 600°C. Figure 6.14 shows the XRD patterns of the post-test 

single cell with L1.85NR as the electrode. The diffraction peak of the exsolved Ni-Ru phase at 

44.5° 2q was observed, in agreement with the previous observation in chapter 5 (as shown in 

the inserted plots of Figure 6.14). However, unresolved peaks at 28° and 30° 2q, possibly 

attributed to a lanthanum oxide phase, were also observed as indicated by magenta arrows. 

This could provide evidence of the power output degradation in Figure 6.11, as result of 

intensive reduction.  
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Figure 6.13 SEM images of the cross-section view of L1.85NR electrode after full cell test.  

Therefore, it can be concluded that during the in-situ EIS measurement of symmetric cells and 

single full cell tests, Ni and Ru were exsolved from the A-site deficient electrode L1.85NR, 

which promotes the electrochemical performance of the double perovskite electrode. The 

enhancement of electrochemical performance can be verified by the drastic decrease in the 

impedance arcs during the reduction and the increased peak power density compared to the 

stoichiometric phase L2NR electrode. This indicates the potential of applying the exsolution 

method and the A-site deficient double perovskite L1.85NR in the electrodes of SOCs.   
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Figure 6.14 XRD pattern of the L1.85NR electrode after full cell test and its correspondence with the reference 
peaks from La2NiRuO6 

265, Ni0.32 Ru1.68 290, silver current collector 310 and LSGM electrolyte 311.  

In this subsection, the measurement of EIS and I-V curves of single cells were conducted with 

assistance from Dr Inyoung Jang from the Department of Chemical Engineering, Imperial 

College London. The author would like to acknowledge her contribution to the full cell 

measurement set-up and operations of the potentiostat.  

6.4 In-situ TEM investigation  

Following the study of in-situ EIS measurement in section 6.3.1 and the temperature-

dependent morphology characterization in section 5.5, in-situ TEM coupled with STEM-EDX 

was employed to further probe the exsolution process and its dependence on reduction 

temperature. The experiments were conducted in high vacuum (~10-7 torr), which represents 

a moderate reduction condition compared to the lab reduction with wet 5%H2/Ar. Consequently, 

the exsolution behaviour of the L1.85NR sample was expected to be less intensive than that 

observed in chapter 5.  

6.4.1 Fast nucleation at 450°C 

Figure 6.15 displays the in-situ bright-field (BF) TEM images depicting the morphological 

changes of L1.85NR as a function of time. The L1.85NR powder sample was loaded onto a 

Protochips sample holder (Fusion AX in situ heating and biasing holder, Protochips) and 

heated up to 450°C at a rate of 1°C/s. According to the earlier observations in in-situ EIS 

measurements, significant exsolution would not occur during the rapid heating within the initial 

7 minutes. In Figure 6.15 (a), a L1.85NR grain edge was observed without any nanoparticles 

on its surface. However, as the temperature reached 450°C, a vague dark point appeared on 

the L1.85NR surface after only 20 seconds, indicating the initial nucleation of exsolved 

nanoparticles (Figure 6.15 b). This rapid nucleation process aligns with previous observations 
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of Ni exsolution from lanthanum calcium titanate by Neagu et al. 312, where instantaneous 

nucleation occurred within 0.2 seconds. The quick response of L1.85NR to the reduction 

conditions and nucleation process also supports the findings from the in-situ EIS observations 

in section 6.3.1. 

During the subsequent reduction of L1.85NR at 450°C for 2-6 minutes, the exsolved particles 

became more pronounced, as shown in Figure 6.15 (c-d). Notably, the locations of the 

exsolved particles did not change, consistent with the reported Ni exsolution process [13]. The 

nanoparticle reduced in high vacuum was reported to be strongly facetted and aligned with 

parent perovskite oxides. However, it is challenging to distinguish lattice fringes or atomic 

arrangements in Figure 6.15 due to limited instrument resolution.  

Besides the observed nanoparticle indicated by the white arrows in Figure 6.15 (b-d), another 

exsolved particle was seen to nucleate and grow after 2 minutes of reduction in vacuum at 

450°C, marked by white dashed circles in Figure 6.15 (c-d). The growth rate of this exsolved 

particle appeared to be faster than that of the particles indicated by white arrows. This 

difference in growth rate could be related to different facets and localized mass transport 

variations on the two L1.85NR grains. No movement of the nuclei was observed for this 

exsolved nanoparticle.  

Figure 6.15 (e) depicts the morphology of the exsolved nanoparticles and the L1.85NR grain 

after reduction in vacuum for 23 minutes. It is evident that the exsolved nanoparticle (indicated 

by the white arrow) appears to be socketed. The growth of the nanoparticle does not extend 

outward from the surface but rather pushes against the perovskite lattice and grows at the 

same location as the nuclei. While in section 5.3.1, a 'pyramid-based' nanoparticle was 

observed at the corner of a L1.85NR grain. This phenomenon is likely the result of intensive 

particle growth within the limited volume of perovskite, particularly when the exsolved 

nanoparticle exhibits a face-cantered cubic (FCC) structure, such as Ni0.944 Ru0.056, ICSD 

197164 291.  

To reduce the stochastic nature of observing a single exsolved nanoparticle in Figure 6.15, 

Figure 6.16 provides an overview of several L1.85NR grains with a higher number of exsolved 

nanoparticles after 42 minutes of reduction in vacuum at 450°C. Several dark points indicate 

the presence of exsolved nanoparticles in the BF TEM image. Due to the thermal effects 

causing sample drift and making it challenging to maintain focus, the precise morphology and 

lattice fringes are not clearly discernible in this image.  
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Figure 6.15 In-situ BF TEM observations of L1.85NR sample in high vacuum at 450°C after different reduction time: 
(a) initial images at room-temperature; (b) after 20s reduction at 450°C; (c) after 2mins reduction at 450°C; (d) after 
6mins reduction at 450°C; (e) after 23mins reduction at 450°C.  A fast response of exsolution and nucleation process 
was observed within 23mins of exposure in high vacuum at 450°C. 
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Figure 6.16 In-situ TEM image of the L1.85NR sample reduced at 450°C in high vacuum for 42 mins, highlighting a 

higher number of nanoparticles compared to Figure 6.15 and a board distribution of nanoparticles.  

6.4.2 Temperature dependent exsolution of Ni and Ru 

In addition to the isothermal observations at 450°C, an investigation into the temperature 

dependence of exsolved nanoparticles was conducted. As described in section 5.5, the 

exsolution of nanoparticles at temperatures lower than 450°C was also observed. Moreover, 

ex-situ STEM-EDX analysis suggested separate stages of Ni and Ru exsolution. To further 

understand the effect of reduction temperature, in-situ STEM-EDX was employed by 

conducting EDX mapping analysis during the interval quenching of samples reduced at 

different temperatures in high vacuum.  

During the reduction and characterization process, the exsolution process continued. To 

capture a 'snapshot' of the exsolved nanoparticles, quenching was employed in this in-situ 

characterization session. The thermal treatment program and characterizations are depicted 

in Figure 6.17. STEM-ABF, STEM-ADF, HAADF, and MAADF signals were examined with 

increasing temperature. As mentioned in Chapter 3, STEM-HAADF images exhibit the ‘Z-

contrast’ due to signal intensity being proportional to the square of the atomic number (Z²)  250.   

In contrast to STEM-HAADF imaging, STEM-ABF images exhibit less dependence on the 

atomic number (IABF is proportional to Z1/3), capturing signals from both light and heavy 

elements. On the other hand, MAADF images collect signals at scattered angles smaller than 

55 mrad, containing both coherent and incoherent scattered electrons. Therefore, MAADF 

images provide information on shape and defects compared to HAADF images313. 

Winckelmans et al. 313 investigated HAADF, MAADF, and low-angle annular dark field (LAADF) 

STEM images on Au decahedron and demonstrated superior diffraction contrast in the shape 

features of the MAADF and LAADF images compared to HAADF characterization. Regarding 

the ADF images, they include both HAADF and MAADF signals collected at the full range of 

scattered angles. In this study, the initial STEM images and EDX maps are displayed in Figure 
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6.18. Notably, there was no increase of signals from La, Ni, or Ru cations, indicating a 

homogeneous elemental distribution within the L1.85NR perovskite grain.  

 

Figure 6.17 Schematic illustration of the thermal cycle and the characterization applied to the sample. 

 

Figure 6.18 (a) STEM-ABF, (b) STEM-ADF combined with EDX maps, (c) STEM-HAADF, (d) STEM-MAADF images 

and (e-h) EDX maps of the L1.85NR pristine. 

When the temperature increased to 300°C, the enrichment of the B-site cations was 

surprisingly observed as shown in Figure 6.19. Rather than exsolving as a combined bimetallic 

alloy, separate regions of B-site cation enrichment were observed. Large areas of Ni 

enrichment, each over 50 nm in size, were visible in the STEM-EDX images, along with smaller 

nanoparticles of Ru metal. In contrast to Ni and Ru, no increase of La and O signals was 

observed, indicating the exsolution of Ni and Ru metal phases.  
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Figure 6.19 (a) STEM-ABF, (b) STEM-ADF, (c) STEM-HAADF, (d) STEM-MAADF images and (e-h) EDX maps of 

the L1.85NR quenched after reduction at 300°C.  

As the temperature increased to 350°C, numerous smaller nanoparticles, similar to those 

observed in Section 5.5, appeared on the surface of L1.85NR. Intriguingly, the large enriched 

areas that were visible in Figure 6.19 rapidly re-dissolved into the bulk material, as indicated 

by the yellow arrows in Figure 6.20. After remaining at 350°C for 1 minute, all the prominent 

areas of Ni metal vanished, replaced by a greater quantity of smaller nanoparticles that had 

exsolved. It's noteworthy that under reducing conditions, particularly when the particle size is 

around 50nm in diameter, it is unusual for exsolved nanoparticles to dissolve back into the bulk. 

Similar surface restructuring and particle disappearance were also noted in subsequent 

investigations in Chapter 7. However, in Chapter 7, the Ni particles are suggested to be 

metastable nuclei with a diameter of only 3nm. Here, the gradual disappearance of the 

exsolved large Ni chunk is attributed to the focused electron beam effect.  

 

Figure 6.20 in-situ STEM images of the same L1.85NR grain observed in Figure 6.18-19, showing the evolution of 
morphology and surface particle at 350°C with the reduction time progressing: (a) 18s; (b) 35s; (c) 1min 30s.  

STEM-ABF

STEM-HAADF STEM-MAADF

STEM-ADF(a) (b) 

(c) (d) 

(e) (f) 

(f) (g) 

(a) 350°C 18s (b)350°C 35s (c) 350°C 1min 30s

200 nm 200 nm 200 nm
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Figure 6.21 (a-i) presents the STEM-EDX images of the same area after quenching from the 

reduction at 450°C. The EDX analysis confirmed the exsolution of both Ni and Ru metal phases. 

Additionally, the locations of the increased Ni and Ru signals started to overlap with each other. 

However, when examining the STEM images in Figure 6.21 (a-d), it appeared that several 

small clusters were sitting close to each other. Therefore, it was challenging to distinguish 

whether the overlapped signals represented alloyed or monometallic particles. Furthermore, 

when comparing Figure 6.18 (h) and Figure 6.19 (f), Ni deficiency was observed in the area 

near the exsolved Ni metal nanoparticles, suggesting the exsolution of Ni metal nanoparticles 

was a result of localized mass transportation.   

Therefore, according to the observation at these different reduction temperatures, it can be 

concluded that the exsolution/segregation of Ni and Ru cations occurs separately. The 

exsolution of Ni and Ru cations initiates at temperatures lower than 450°C, in agreement with 

the discussion in Section 5.5 and the TG analysis in Section 6.2. It is intriguing that as the 

reduction progresses, the exsolution of Ni cations initially forms large metal particles that then 

redissolve into the bulk and form small nanoparticles.  
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Figure 6.21 (a) STEM-ABF, (b) STEM-MAADF, (c) STEM-ADF, (d) STEM-HAADF images and (e-i) EDX maps of 
the L1.85NR quenched after reduction at 450°C 
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STEM-HAADF

STEM-MAADF

STEM-ADF

(a) 

(c) (d) 

(b) 

(e) 

(h) 

(f) 

(g) 

(i) 



150 
 

However, aside from the effects of elevated temperature and high vacuum, beam interaction 

inevitably has an impact on the probed particles and grains. Beam damage typically falls into 

three categories: displacement damage, ionization damage, and electrostatic damage 314. 

Displacement damage occurs when energetic beam electrons transfer kinetic energy and 

momentum to atoms, resulting in direct atomic displacements. Ionization damage or radiolysis 

is caused by the electronic excitation of atomic electrons, leading to the breakage of chemical 

bonds and the formation of point defects inside oxides. In electrostatic damage, positive charge 

and electrons are generated as a result of ionization and excitation of the specimen. The 

electron field has been reported to cause the ejection of cations and the precipitation of metal 

phases, forming nanoparticles. Given the stepwise heat treatment and the need for signal 

accumulation during EDX signal acquisition, the characterized L1.85NR was continuously 

exposed to electron flux. Hence, there’s still remain unclear the contribution of focus electron 

beam effect in the exsolution observed in Figure 18-21, the dose rate of the electron beam 

reached maximum around 107eÅ-2s-1 (at 630kx of magnification). Therefore, in this work, the 

severe exsolution might be partially contributed to by the beam effect during the in-situ probing 

session 315.  

To mitigate the effects of long-term beam damage, another L1.85NR grain was characterized 

by BF TEM images before and after the temperature-dependent in-situ TEM/STEM probing 

session. As shown in Figure 6.22, the same area was observed before and after the heat 

treatment in high vacuum. Nanoparticles were observed on the surface of this L1.85NR grain, 

indicating that, apart from possible beam damage effects, thermal reduction in high vacuum 

led to the exsolution of nanoparticles. Furthermore, in contrast to the effects of electrostatic 

damage 315, a rough rather than smooth specimen surface was observed in this L1.85NR grain.  

 

Figure 6.22 BF TEM images of same L1.85NR grain before (a) and after (b) the temperature-dependent in-situ 
TEM/STEM probing session. 
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6.5 Synchrotron X-ray scattering analysis 

To further investigate the mechanism and exsolution behaviour of the A-site deficient double 

perovskite L1.85NR, a collaboration with Prof. Simone Mascotto from the University of Koblenz 

and Deutsches Elektronen-Synchrotron (DESY) centre was undertaken, employing 

synchrotron X-ray scattering techniques. Anomalous small-angle X-ray scattering (ASAXS) 

was used to characterize the nucleation and particles at both the Ni and Ru X-ray absorption 

edges in an in-situ environment of 5%H2/N2 at reduction temperatures of 450°C and 550°C 

(Appendix.1).  Additionally, wide-angle X-ray scattering (WAXS) data were acquired during the 

in-situ session. In this section, the analysis of the WAXS data measured at the Ru edge is 

discussed. 

The in-situ characterization was conducted using the sample holder depicted in Figure 6.23. 

The L1.85NR sample was loaded into a quartz capillary tube and secured with quartz wool to 

ensure the sample's alignment with the X-ray beam.  

 

Figure 6.23 photos of the in-situ measurement instrument set-up for the ASAXS and WAXS characterization.  

Six energies near the absorption edge of Ni and Ru were selected for acquiring the scattering 

patterns. The X-ray absorption energy of Ru is at 22,1172 keV. For Ru scattering patterns in 

this work, data were collected at 21,831 keV, 21,981 keV, 22,056 keV, 22,081 keV, 22,106 keV, 

and 22,121 keV. ASAXS and WAXS data were obtained at these energies, with 1 scan per 

minute during the reduction at both 450°C and 550°C.  

The WAXS data, ranging from 20 to 90 in q (nm-1), were converted into anomalous X-ray 

diffraction (AXRD) patterns, as shown in Figure 6.24. The AXRD patterns obtained at these six 

(a) (b)

(c)
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energies exhibited similar diffraction/scattering peaks and peak shapes. Therefore, for the 

following analysis, the WAXS data at 21,831 keV were chosen as examples.  

 

Figure 6.24 WAXS data converted AXRD patterns of L1.85NR measured at room temperature in compressed gas 
air. 

Figure 6.25 presents contour graphs and waterfall plots of the WAXS data measured using a 

21,831 keV X-ray beam. The characterization session consisted of three stages: (1) X-ray 

scattering started at room temperature with an air flow rate of 10 ml/min; (2) the sample 

L1.85NR was heated to the target temperature and the atmosphere was switched to 5%H2/N2 

with flow rate of 10 ml/min; (3) after reduction for 3 hours, a re-oxidation treatment was applied 

to the L1.85NR sample to further investigate the behaviour of exsolved nanoparticles. The 

response of L1.85NR during these three stages was more pronounced for the reduction at 

550°C, as shown in Figure 6.26. With the reduction progressing, additional peaks appeared in 

the 30-40 q (nm-1) range, as depicted in Figure 6.26(a). Therefore, the WAXS data of these 

three stages were converted to AXRD for comparison. 
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Figure 6.25 contour graph (a) and waterfall plots (b,c) of WAXS data of L1.85NR reduced at 450°C under 5% H2/N2. 

measured with 21,831 keV X-ray beam  

 

Figure 6.26 contour graph (a) and waterfall plots (b,c) of WAXS data measured with 21.831 keV X-ray beam of 
L1.85NR underwent the reduction treatment at 550°C.  

Figure 6.27 and Figure 6.28 display the converted AXRD patterns of the WAXS scans. In 

Figure 6.27, the AXRD patterns at the three thermal treatment stages show the maintenance 

of the double perovskite structure with a subtle feature (marked by a purple arrow in the 

inserted plots of Figure 6.27) indicating the presence of a Ni-Ru alloy phase for the sample 

after reduction in 5%H2/N2 for 6 hours. It's interesting to find that after reoxidation, the Ni-Ru 

metallic phase disappears, while no NiO or RuO2 secondary peak is observed, implying the 

re-incorporation of the metal phase into the double perovskite structure. Besides, the 
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converted AXRD plot of pristine L1.85NR measured in air at room temperature shows a higher 

background compared to the plots of reduced and re-oxidized L1.85NR. This explains the 

decreasing intensity and less obvious peak evolution during reduction observed in Figure 6.25. 

However, the 2θ position shifting of the 'black line' L1.85NR pristine measured in air at room 

temperature compared to the plots of reduced and re-oxidized L1.85NR is attributed to the 

thermal expansion of the lattice.  

The converted AXRD pattern of the L1.85NR sample subjected to reduction at 550°C exhibited 

a more pronounced exsolution/ decomposition phenomenon in comparison to the L1.85NR 

sample reduced at 450°C, as demonstrated in Figure 6.28. Notably, the AXRD pattern of the 

L1.85NR sample, reduced for 4 hours at 550°C in a 5%H2/N2 atmosphere, revealed the 

presence of La2O3 peaks, indicative of partial perovskite decomposition during the reduction 

process. Interestingly, upon exposure of the L1.85NR sample reduced at 550°C to an oxidizing 

atmosphere (compressed air), a sudden disappearance of diffraction/scattering peaks 

associated with metallic phases and lanthanum oxides was observed, as depicted in Figure 

6.26. This intriguing observation suggests an immediate reoxidation process, leading to the 

incorporation of exsolved and decomposed cations back into the perovskite lattice. While 

previous studies have reported to the phenomenon of cation reincorporation upon exsolution 

86, the precise mechanisms and pathways involved in this process remain elusive. The current 

investigation has unveiled the rapid and responsive nature of exsolved nanoparticles and 

reduced materials to reoxidation conditions, thereby highlighting the need for comprehensive 

exploration in future research.  

 

Figure 6.27 WAXS data converted AXRD patterns of in-situ observations: L1.85NR pristine in air, L1.85NR 

reduced at 450°C for 6 hours and L1.85NR re-oxidized for 1 hour.  
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Figure 6.28 WAXS data converted AXRD patterns of in-situ observations: L1.85NR pristine in air, L1.85NR 

reduced at 550°C for 4 hours and L1.85NR re-oxidized for 1 hour. 

In this section, the in-situ measurement of ASAXS (Appendix 1) and WAXS data L1.85NR were 

conducted under help from Prof. Simone Mascotto from University of Koblenz, Dr Xiao Sun 

and Dr. Sylvio Haas from DESY and Miss Princess Inangha University of Hamburg. Author 

would like to acknowledge their contribution in design and set up of the in-situ measurement 

instrument, help with the data acquiring and the ASAXS data analysis in the collaboration work.  

6.6 Summary and future work  

In this chapter, TGA was used to monitor the mass loss of L1.85NR during its in-situ reduction 

and exsolution in a 5%H2/Ar atmosphere. Findings indicated that mass loss commenced 

between 300°C to 360°C, suggesting exsolution initiation at relatively low temperatures. In-situ 

EIS observations on a symmetric cell revealed rapid exsolution kinetics and significant 

performance enhancement within 25 minutes of reduction in a wet 5%H2/Ar environment. 

Furthermore, evaluation of full cells with L1.85NR and L2NR as fuel electrodes underscored 

the vital role of A-site deficiency in promoting exsolution, with reduced impedance and 

increased power output following A-site deficient L1.85NR electrode reduction. However, 

achieved performance still falls short of state-of-the-art fuel cells. Future research should 

explore unresolved secondary phases after reduction in pure hydrogen at 600°C and optimize 

cell fabrication processes for significant improvements.  

During in-situ examination of L1.85NR exsolution behaviour, TEM and STEM-EDX revealed 

swift exsolution at 450°C in a high vacuum environment, confirming separate exsolution of Ru 

and Ni, with large Ni chunks initially forming and later dissolving into smaller nanoparticles. 
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Beam-induced damage may have contributed to the process, suggesting potential for beam-

induced exsolution method exploration.  

Collaborative synchrotron X-ray scattering with University of Koblenz and DESY confirmed Ni-

Ru alloy phase presence during exsolution, with instantaneous Ni and Ru cation 

reincorporation into the double perovskite structure upon oxidizing atmosphere exposure. This 

phenomenon presents a promising avenue for future research into self-regeneration 

capabilities of Ni-Ru nanoparticles and cation diffusion mechanisms.  
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Chapter 7 In-situ investigation of ruthenium doped lanthanum 

nickel titanium double perovskite exsolution 

7.1 Introduction 

Building on the discussion presented earlier, it has been demonstrated that Ni and Ru, each 

present at a 50% concentration on the B-site of a double perovskite structure, exhibit a 

remarkable propensity for exsolution. This underscores the distinct advantages of employing 

a double perovskite structure with ordered B-site cations, particularly in exsolution. As detailed 

in Chapter 2, most reported investigations into exsolution primarily involved the formation of 

solid solutions with dopant cations, followed by the exsolution of these dopant cations. Given 

the substantial exsolution of B-site ordered cations, it becomes increasingly compelling to 

explore the exsolution of both dopant cations and B-site ordered cations within a single system. 

Consequently, in this chapter, we have reduced the proportion of Ru cations to 5% as dopant 

cations in lanthanum nickel titanate double perovskite, wherein Ni and Ti are arranged in 

ordered positions on the B-site. Titanium was selected for its inherent stability and robust 

bonding with oxygen, rendering it stable at the B-site position during the exsolution process. 

Furthermore, titanates have drawn recognition as stable and highly impurity-tolerant materials 

suitable for use as fuel electrodes in SOCs. Therefore, this chapter focuses on the synthesis 

of A-site deficient lanthanum nickel titanates and their comprehensive examination, 

encompassing lattice structure, exsolution behaviour, electrochemical performance as 

electrodes in symmetric cells, and potential enhancements through topotactic exchange.  

The samples and acronyms mentioned in this chapters are: La2NiTiO6 (L2NT), 

La2NiTi0.9Ru0.1O6±δ (L2NTR), La1.85NiTi0.9Ru0.1O6-y (L1.85NTR). 

7.2 Synthesis of lanthanum nickel titanates  

As discussed in Chapters 4-6, the investigation of lanthanum nickel ruthenates revealed that 

A-site deficiencies facilitated the exsolution of metal nanoparticles from the double perovskite 

parent structure. Consequently, A-site deficiencies were incorporated into the Ru-doped 

lanthanum nickel titanium double perovskites. In light of prior research, the sol-gel method was 

employed to synthesize the pristine double perovskite. As outlined in Section 3.2, specific 

quantities of lanthanum nitrate, nickel nitrate, and ruthenium nitrosyl nitrate were dissolved in 

a 10 wt% citric acid solution. Subsequently, titanium dioxide powder was added into the 

solution to form a suspension, ensuring continuous stirring throughout the water evaporation 

and gelation process. Following decomposition and calcination treatments, the synthesized 

products were analysed using XRD. 

Stoichiometric lanthanum nickel titanate double perovskite, La2NiTiO6 and lanthanum nickel 

titanate double perovskite with 5 at% ruthenium dopants on the B-site, La2NiTi0.9Ru0.1O6±δ, 



158 
 

denoted as L2NT and L2NTR, were synthesised as initial materials prior to the introduction of 

A-site deficiencies within the structure. Based on the Goldschmidt tolerance factor equation, 

the tolerance factors for L2NT and L2NTR were both evaluated as 0.96, as depicted in 

Equations 7-1. In the equation, the ionic radius of B-site cations, rB, represents the average 

radius of all B-site cations, which is Ni and Ti cations in L2NT, while Ni, Ti and Ru cations in 

L2NTR. The values of tolerance factors for L2NT and Ru-doped L2NT complied with the 

perovskite structure requirement, which stipulated that 0.78 ≤ t ≤ 1.05. 

𝑡𝐿2𝑁𝑇/𝐿2𝑁𝑇𝑅 =
𝑟𝐿𝑎 + 𝑟𝑂

√2(𝑟𝐵 + 𝑟𝑂)
7 − 1 

Figure 7.1 presents the XRD patterns, and the Le Bail refinement results, for both L2NT and 

L2NTR. Both L2NT and Ru-doped L2NTR samples exhibited a monoclinic double perovskite 

structure with the space group P21/n. The Le Bail refinement was conducted in accordance 

with reference ICSD 186433 316. Upon the incorporation of 5 at% Ru at the titanium site, the 

tolerance factor actually decreased by approximately 0.04%, suggesting a slight distortion of 

the double perovskite structure from the ideal cubic form. The Le Bail refinement results 

revealed that the lattice parameters a ranged from 5.552(1) to 5.555(2) Å, b from 5.559(1) to 

5.564(1) Å, c from 7.847(1) to 7.852(1)Å, and β decreased from 90.05(1)° to 90.02(1)°. Lattice 

expansion was anticipated since the dopant Ru cations (rRu4+=0.62) were larger than Ti cations 

(rTi4+=0.605). Consequently, it could be inferred that the sol-gel method was suitable for the 

synthesis of lanthanum nickel titanate-based double perovskite materials.  
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Figure 7.1 (a) XRD patterns of stoichiometric lanthanum nickel titanate L2NT and Ru-doped lanthanum nickel 
titanate L2NTR; (b) Le Bail refinement profiles of L2NT with Rp = 6.87, Rwp = 10.30, Rexp = 6.24 and χ2= 2.71; (c) 

Le Bail refinement profiles of L2NT with Rp = 7.00, Rwp = 11.30, Rexp = 6.27 and χ2= 3.23. 

Upon synthesizing stoichiometric lanthanum nickel titanates, 7.5 at% A-site deficiency was 

introduced into the structure, designated as L1.85NTR. To accurately examine the degree of 

A-site deficiency and the ordering of L1.85NTR, an XRD diffractometer with a set-up optimized 

for Rietveld refinement and the Rietveld refinement was employed to investigate the phase 

and verify the purity of the product, as detailed in Section 3.3.1.1. Figure 7.2 displays the XRD 

patterns and the Rietveld fitting plots. Within this pattern, subtle features were present that 

could not be attributed to the Cu Kα diffraction of the double perovskite lattice. The faint peak 

at 29.05° and the peak shoulder at 31.12°, denoted by the green arrow in Figure 7.2, 

represented diffraction signals from the Cu Kβ line due to the unavoidable insufficient filtering 

 a  

 b      

 c      R
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of the X-ray source, which became evident after extended scanning. Nevertheless, two 

unresolved features still remained, as highlighted in Figure 7.2 as inserted plots, located at 

33.2° and 62.5°. Future exploration is needed to identify the sources of these features. While, 

since the unresolved features were subtle and the majority of the diffraction suggested a 

double perovskite structure, indicating a relatively pure product of A-site deficient lanthanum 

nickel titanate double perovskite, the subsequent study proceeded using sol-gel synthesized 

products.  

In accordance with the stoichiometric sample L2NTR, P21/n based on reference ICSD186433 

316 , calculations were employed for the evaluation of the A-site deficient double perovskite 

specimen L1.85NTR. The outcome of the Rietveld refinement is provided in Table 7.1. During 

the refinement process of the XRD pattern, unresolved regions, as well as Cu Kβ diffraction 

peaks, were excluded. The refined lattice parameters exhibited a decrease in lattice 

dimensions and an increase in the β angle compared to the Le Bail refined data of the 

stoichiometric phase L2NTR, as illustrated in Figure 7.1. This suggested that the introduction 

of A-site vacancies contributed to the contraction of the lattice volume, which was congruent 

with the findings of the ruthenate sample discussed in Chapters 4. 

During the refinement process, constraints were incorporated into the calculations of the XRD 

profiles. Refined atomic parameters encompassed the position of La cations, cation occupancy, 

and thermal factors. However, the atomic parameters of oxygen anions were not refined for 

the accuracy and validity of the refinement. In terms of refining cation parameters, rather than 

fixing the B-site cations at a singular site, the occupancy of Ti, Ni, and Ru cations was refined 

on both (0, ½, 0) and (½, 0, 0) positions. The refinement results indicated a preference for 

nickel cations at the (0, ½, 0) position and titanium cations at the (½, 0, 0) position. Furthermore, 

ruthenium cations primarily substituted the titanium position as anticipated, due to the similarity 

in ionic radius and valence states between Ru and Ti cations. By presuming Ru cations to 

substitute Ti sites, the ordering of B-cations was assessed through the degree of ordering, S36:  

𝑆 = 2𝑔𝐵 − 1 = 0.616 7 − 3 

where gB represents the correct occupancy of Ni or Ti-Ru cations at either the (0, ½, 0) or (½, 

0, 0) positions. It became evident that the A-site deficient Ru-doped lanthanum nickel titanates 

exhibited a relatively high degree of disordering rather than complete rock-salt ordering. This 

was particularly apparent when contrasted with the ruthenate samples discussed in Chapter 4. 

The increased disordering could be attributed not only to the introduction of dopants and A-site 

vacancies but also to the greater ionic radius differences between Ni and Ti cations 36. This is 

because in double perovskite, the factors that influences B-site cation arrangement are charge, 

size, electronic configuration and A/B ratio268. A distinct difference of ionic formal valence and 

ionic radius is necessary to achieve spontaneous B-site rock-salt ordering317.  
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Figure 7.2 XRD pattern and the Rietveld refinement profiles of L1.85NTR. The factors of agreement are Rp = 4.95, 
Rwp = 6.41, Rexp = 4.11 and χ2 = 2.43. Two inset plots are the zoomed pattens of resolved peaks. The green arrows 
mark the Cu Kβ reflections.  

Table 7.1 Rietveld refined lattice parameters and atomic parameters of L1.85NTR. 

 

The refined La cation occupancy displayed a marginally higher value than the intended figure, 

indicating a 5.6 at% deficiency. Consequently, ICP was employed to assess the cation 

concentrations in L2NT, L2NTR, and L1.85NTR. The results are presented in Table 7.2. 

Stoichiometric samples of L2NT and L2NTR demonstrated a strong concordance between 

experimental compositions and expected compositions. In the case of the A-site deficient 

 attice parameters and atomic parameters 

5.54996(2)a    

5.55947(2)b    

7.84351(2)c    

90.0464(3)    

Occupancy   yx

1.888(2)0.54(0)0.249(7)0.5286(1)0.5007(8) a 

0.184(0)0.680(3)00.50 i 

0.020(0)0.680(3)00.50Ru 

0.808(0)0.680(3)00.50 i 

0.192(0)0.264(3)000.5 i 

0.716(0)0.264(3)000.5 i 

0.080(0)0.264(3)000.5Ru 

0.9620.1-0.0230.1980.214O 

0.9620.1-0.0440.7270.279O 

0.9620.10.2740.9890.423O 
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sample L1.85NTR, ICP results aligned with the Rietveld refinement results, showing lower 

amount of A-site deficiency than expected. The ICP showed that the A-site deficiency is even 

lower to approximate 3.5 at% La3+ deficiency. The excess nickel and titanium atoms might 

contribute to the unresolved phases depicted in Figure 7.2 or to the local enrichment of B-site 

cations, which necessitates further examination in future studies.  

Table 7.2 ICP results of stoichiometric sample L2NT and L2NTR and A-site deficient sample L1.85NTR. B-site 
positions were assumed fully occupied by nickel, titanium and ruthenium cations. Oxygen concentration is 
calculated based on experimental results of metal cations. 

 

7.2 Exsolution of nickel nanoparticles  

The A-site deficient sample, L1.85NTR, underwent reduction treatment in a wet 5% H2/Ar 

atmosphere. Analogous to the exsolution analysis of ruthenate samples, reduction under 

various temperatures was performed to examine the material stability under reducing 

conditions. The XRD patterns of the L1.85NTR sample reduced at 450°C, 800°C, 900°C, and 

1000°C are presented in Figure 7.3. In contrast to the ruthenate samples discussed in 

Chapters 4-6, the majority of the titanium-based sample retained a double perovskite structure 

up to 1000°C. However, a subtle peak at the 30° 2θ position signified the presence of a small 

quantity of La2O3 in the sample reduced at temperatures exceeding 800°C. This observation 

is typically associated with side reactions and exsolution, indicating a slight decomposition of 

the double perovskite structure 206,318. Consequently, 800°C was selected as the reduction 

temperature for the subsequent exsolution investigation of L1.85NTR. A peak at 44.5° was 

detected in the reduced samples, which was ascribed to the presence of Ni metal as a 

consequence of the exsolution phenomenon.  

To examine the exsolved Ni metal phase and the reduced double perovskite L1.85NTR more 

closely, Rietveld refinement was applied to the XRD pattern of the L1.85NTR sample reduced 

at 800°C. The refinement profiles are depicted in Figure 7.4. As outlined in Section 7.2, lattice 

parameters, La cation positions, cation occupancy, and thermal factors of the double 

perovskite materials were refined, with constraints on the total occupancy of B-site positions 

and the total amount of cations. Although the peak intensity was less prominent than in the 

XRD patterns of L1.85NTR samples reduced at 900°C and 1000°C, the La2O3 phase was still 

included to accurately determine the quantity of lanthanum oxides present in the sample. 

Experimental composition 

Concentration ratio
 ominal 

composition 
 x   R 

Ru  i i  i RuA   cations

La2.08(5)Ni0.98(2)Ti1.01(8)O6.120.0004(3)0.98(2)1.04(2)La2NiTiO6L2NT

La2.05(2)Ni1.01(2)Ti0.89(4)Ru0.10(1)O6.070.11(1)1.02(1)1.03(1)La2NiTi0.9Ru0.1O6L2NTR

La1.93(1)Ni0.99(1)Ti0.90(1)Ru0.10(1)O5.8850.11(2)0.99(1)0.97(1)La1.85NiTi0.9Ru0.1O5.775L1.85NTR
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Lattice parameters of the Ni metal phase and the lanthanum oxide phase were also refined. 

The agreement factors suggest that the calculated XRD patterns fit well with the experimental 

data, as illustrated in Figure 7.4. 

The refined lattice parameters and atomic parameters of the double perovskite phase are listed 

in Table 7.3. The lattice parameters of the double perovskite phase remained similar to those 

of the as-prepared sample, while the atomic occupancies indicated slightly higher disordering 

and La-occupancy. This suggests a tendency to re-establish A-site stoichiometry, as reported 

in references 88,179, as well as B-site disordering accompanying the exclusion of B-site cations. 

The degree of ordering decreased to 0.54 following reduction, as determined by Equation 7-3. 

The refined lattice parameter of the Ni metal phase is 3.52395(7) Å, which aligns with the 

reported reference ICSD 64989 319, confirming the exsolution of the Ni metal phase. Based on 

the Rietveld refinement, the exsolution of Ru-doped A-site deficient lanthanum nickel titanate, 

L1.85NTR, is represented by Equation 7-4:  

La1.888NiTi(Ru)O6−δ

wet 5%
H2
Ar

→       0.98811La1.910NiTi(Ru)O6−y + 0.0119Ni + 0.0006La2O3 7 − 4
 

Rietveld refinement also provided the calculated weight percentages of the secondary phases. 

The results indicated that the reduced sample contained 1.58(5) wt% Ni metal and 0.28(2) wt% 

lanthanum oxides. This finding suggests that under a reducing atmosphere, the majority of the 

A-site deficient sample undergoes an exsolution process rather than decomposing into metal 

oxides.  
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Figure 7.3 (a) XRD patterns of A-site deficient L1.85NTR as prepared and reduced at 450°C, 800°C, 900°C and 
1000°C. (b) zoomed-in XRD profiles at 20°-50° range. The droplines indicate the Bragg position of La2O3 phase 
(ICSD28555289) and nickel metal phase (ICSD64989319). 

 

Figure 7.4 XRD pattern and Rietveld refinement profiles of L1.85NR reduced at 800°C. The factors of agreement 
are Rp = 5.59, Rwp = 7.08, Rexp = 4.12 and χ2 = 2.95. Lattice parameters of nickel metal phase were refined based 
on reference structure ICSD64989 319. Lattice parameters of lanthanum oxide phase were refined based on 

reference structure ICSD28555 289.  

 a  b 
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Table 7.3  Rietveld refined lattice parameter and atomic parameters of double perovskite phase in the reduced 
L1.85NR sample based on reference structure ICSD186433 316. The occupancy of the oxygen was fixed as 0.962 
according to the nominal composition La1.85NiTi0.9Ru0.1O5.775. 

 

Subsequently, the exsolved nickel nanoparticles were examined using microscopy. Figure 7.5 

presents the SEM images of the as-prepared L1.85NTR sample and the sample after reduction 

at 800°C in wet 5%H2/Ar for 3 hours. In comparison to the as-prepared pristine sample, it is 

evident that nano-sized particles are homogeneously distributed on the oxide bulk's surface. 

To further investigate the composition and morphology of the exsolved nanoparticles, TEM and 

STEM-EDX were employed to analyse the sample reduced in wet 5%H2/Ar at 800°C for 3 

hours, as shown in Figure 7.6. In accordance with the XRD and Rietveld refinement data, the 

EDX maps reveal the exsolved nanoparticles as a Ni metal phase. In contrast, no significant  

 of the other three elements is observed, indicating the non-exsolved properties of Ru and Ti 

under the current conditions. This finding is consistent with reported titanates 88,179, where Ti 

cations are preferred to remain in the perovskite structure during the exsolution process due 

to their strong bonds with oxygen anions and low reducibility. Consequently, the stability of the 

B-site ordered double perovskite structure is enhanced during the reduction and exsolution 

processes when Ti cations are present at the B-site positions, compared to ruthenate samples 

reported in Chapter 4-6. The exsolved nanoparticles are approximately 14-15 nm in diameter. 

From the STEM-HAADF images in Figure 7.6(b), it can be observed that the exsolved 

nanoparticles are partially merged into the bulk grain, implying a 'socket structure' for the 

nanoparticles. 

 ain p ase lattice parameters and atomic parameters 

5.55153(3)a    

5.55985(2)b    

7.84527(4)c    

90.0545(4)    

Occupancy   yx

0.955(1)0.508(1)0.25025(7)0.52813(1)0.50024(8) a 

0.226(1)0.784(3)00.50 i 

0.054(1)0.784(3)00.50Ru 

0.770(1)0.784(3)00.50 i 

0.230(1)0.175(5)000.5 i 

0.674(1)0.175(5)000.5 i 

0.460(1)0.175(5)000.5Ru 

0.9620.1-0.0230.1980.214O 

0.9620.1-0.0440.7270.279O 

0.9620.10.2740.9890.423O 
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Figure 7.5 SEM images of (a) as prepared and (b) reduced L1.85NTR sample at 800°C for 3hours. The inserted 

image is the enlarged display of the reduced sample.  

 

Figure 7.6 TEM bright field (BF) images and STEM annular bright field (ABF), annular dark field (ADF), medium 
angle annular dark field (MAADF) and high angle annular dark field (HAADF) images of region (a) and (b) of 
L1.85NTR sample reduced at 800°C in wet 5%H2/Ar for 3 hours. The corresponding elemental distribution maps of 
La, Ni, Ru and Ti are listed at the left of the STEM images.  

7.3 Temperature-dependent exsolution  

7.3.1 Temperature dependent nanoparticles 

As discussed in Section 7.2, multiple reduction temperatures were employed for the exsolution 

of L1.85NTR samples. The XRD pattern of the L1.85NTR sample reduced at 450°C for 3 hours 

in wet 5%H2/Ar also displays the diffraction peak of the Ni metal phase at 44.5° (Figure 7.3). 

Consequently, the morphology of the L1.85NTR sample reduced at 450°C was investigated 

using SEM and TEM microscopy. As shown in Figure 7.7, the sample reduced at the lower 

temperature also exhibits homogeneously distributed nanoparticles on the surface of the bulk 
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grain. The STEM images in Figure 7.7(b) reveal a high population of exsolved nanoparticles. 

The MAADF images provide a clearer display of the surface morphology, as the inner part of 

the ADF signal (~35-55mrad) includes more diffraction contrast, compared to HAADF images. 

This is because the exsolved nickel nanoparticles (Z = 28) are relatively difficult to distinguish 

within the double perovskite that contains abundant Ti (Z = 22) and Ni cations. The STEM-EDX 

maps in Figure 7.7(c) confirm that the exsolved nanoparticles are of the Ni metal phase. 

Additionally, it can be observed that the exsolved nanoparticles are relatively smaller than the 

exsolved particles at higher temperatures, as seen in Figure 7.6. 

 

Figure 7.7 (a) SEM images (b) STEM-ABF and ADF images and (c) BF-TEM images, STEM-ABF and ADF images 
and corresponding EDX maps of the sample L1.85NTR reduced in wet 5%H2/Ar at 450°C for 3 hours.  

To accurately investigate the exsolved particles at different reduction temperatures, SEM 

images of the L1.85NTR sample reduced at 800°C and 450°C were analysed using ImageJ 

software 320 for particle analysis. As shown in Figures 7.8 and 7.9, the inserted images display 

the selected relatively flat areas for analysing particle sizes. Large fragment pieces of grains 

in Figures 7.8(b) and 7.9(c) were excluded during the analysis. The results of particle size 

distribution analysis are depicted in Figure 7.10. 

As expected, the sample reduced at the higher temperature (800°C) exhibited larger particle 

sizes. In total, 208 particles from four regions of the sample were analysed, covering an area 

of 4.9 104 nm2, with 0.6% of the area attributed to the exsolved nanoparticles. The average 
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size of the exsolved nanoparticles of the L1.85NTR sample reduced at 800°C was 

approximately 15.8 nm, consistent with Figure 7.6. The majority of the exsolved nanoparticles 

after reduction in wet 5%H2/Ar for 3 hours were around 10~20 nm.  

In contrast, the sample reduced at 450°C exhibited smaller exsolved nanoparticles compared 

to the sample reduced at 800°C. In total, 125 particles from four regions covering an area of 

0.96 104 nm2 area were analysed, with an average size of approximately 8.7 nm. The size 

distribution in Figure 7.10(b) shows that 67 of the 125 particles were 5-10 nm, exhibiting a 

relatively narrower distribution than that of L1.85NTR sample reduced at 800°C. This finding 

indicates a more uniform morphology of the low temperature exsolved nanoparticles.  

Regarding particle population, the counts in Figures 7.8 and 7.9 suggest that low-temperature 

reduction yields higher particle counts per square nanometre. However, the selected area 

provides localized information, thus, the actual population difference will need to be 

investigated in future work.  

 

Figure 7.8 SEM images of L1.85NTR sample reduced at 800°C for the particle analysis.  

 a  b 

 c  d 
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Figure 7.9 SEM images of L1.85NTR sample reduced at 450°C for the particle analysis. 

 

Figure 7.10 Size distribution diagrams of exsolved nanoparticles of L1.85NTR reduced in wet 5%H2/Ar at 
800°C(a) and 450°C(b) for 3 hours. 

7.3.2 In-situ observation of the exsolution process  

As discussed in Section 7.3.1, the reduction temperature significantly influences the 

morphology of exsolved nanoparticles. To further investigate the evolution of exsolution with 

increasing reduction temperature, in-situ characterization techniques including 

thermogravimetric analysis (TGA) and scanning transmission electron microscopy (STEM) 

were employed to examine the L1.85NTR sample.  

Figure 7.11 displays the TGA and its first derivative (DTG) results for the L1.85NTR sample 

reduced in a 5% H2/Ar atmosphere with increasing temperature up to 1000°C and held at 

 a  b 

 c  d 

 a      C  b      C
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1000°C for 3 hours. The heating rate was 5°C/min, and the gas flow rate was 60 ml/min. Due 

to the limitations of the testing system, a dry atmosphere was used, resulting in a relatively 

higher reducing condition compared to a wet atmosphere.  

After reduction at 1000°C for 3 hours, the mass loss tended to reach a plateau, indicating a 

1.58 wt% mass loss. Prior to reaching 1000°C, two distinct mass loss steps can be clearly 

observed. The mass loss due to the moisture absorbed on the surface was negligible, given 

that no distinguishable mass loss observed at temperature range from room temperature to 

250°C 321–323. According to the DTG curve, the first maximum mass loss occurred at 

approximately 427°C, and the second mass loss occurred over a broader range, centred 

around 665°C. As the characterization of the L1.85NTR sample reduced at 450°C and 800°C 

confirmed the exsolution of Ni nanoparticles, both mass loss steps were related to the 

exsolution process, resulting from the loss of oxygen anions in the perovskite structure 24. With 

increasing temperature, the first plateau was achieved at around 500°C with a 0.36 wt% mass 

loss. Subsequently, when the temperature exceeded 600°C, a continuous mass loss was 

observed, similar to the reported exsolution of La(Sr)Cr0.85Ni0.15O3−δ 
324 and La0.6Sr0.4FeO3-d 

322. 

Amaya-Dueñas et al. 324 characterized the Ni exsolution from La(Sr)Cr0.85Ni0.15O3−δ with TGA 

in 5%H2/Ar and calculated the oxygen deficiency, δ. The exsolution and decomposition 

processes can be assumed as a subsequent reaction after oxygen loss. Consequently, 

according to the method described, the loss of oxygen can be derived using Equation 7.5:  

𝑙𝑂 = 
𝑀𝑊𝐿1.85𝑁𝑇𝑅

𝐴𝑂
 𝛥𝑚 7 − 5 

Where ML1.85NTR is the molecular weight of L1.85NTR. Δm is the measured mass loss from TG 

curve. AO is the atomic mass of oxygen and lO is the loss of oxygen. Based on the Rietveld 

refinement results, assuming the molecular formula of L1.85NTR as La1.888NiTi0.9Ru0.1O5.832, 

the lO of the sample reduced at 800°C is approximately 0.25 mol per mol of L1.85NTR. By 

dissecting the exsolution process, the main structure was considered as initially reduced to 

La1.888NiTi(Ru)O5.582. Subsequently, the exsolution resulted in Ni metal phase and La2O3 phase. 

As revealed by the Rietveld refinement results, the resulting products were identified as 

La1.910NiTi(Ru)O6-y along with 1.58(5) wt% Ni metal and 0.28(2) wt% lanthanum oxides. 

Assuming the oxygen stoichiometry to be La1.910NiTi(Ru)O5.647 based on electroneutrality, 

Equation 7-4 can be extended accordingly, taking into account the molecular weight of 

La1.910NiTi(Ru)O5.647, Ni and La2O3: 

La1.888NiTi(Ru)O5.832
5%
H2
Ar

→   La1.888NiTi(Ru)O5.582

5%
H2
Ar

→   0.9881La1.910NiTi(Ru)O5.647 + 0.0119Ni + 0.0006La2O3 7 − 6
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However, determining the precise oxygen stoichiometry of the parent phase 

La1.888NiTi0.9Ru0.1O6-δ and the product La1.910NiTi0.9Ru0.1O6-y double perovskite experimental 

remains challenging. TGA with oxygen sensor at the outlet of exhaust gas, combined with 

quantification of the product phase might be helpful in the future in determine the oxygen 

stoichiometries.  
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Figure 7.11 (a) TG curves and corresponding temperature profiles as a function of time, encompassing both the 
heating and dwelling phases; (b) TG and DTG curves as a function of increasing temperature, ranging from room 

temperature (RT) to 1000°C. 

Ex-situ microscopy characterization revealed that exsolution occurred not only in the high-

temperature range, but also at relatively lower temperatures. The thermogravimetric analysis 

indicated two stages of mass loss, implying two different stages of exsolution. Therefore, in-

situ scanning transmission electron microscopy (STEM) was employed to investigate the 

 a 
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evolution of the sample morphology. The Protochips Fusion Select E-chips and rod were 

utilized to achieve the high temperature required for the exsolution process. In contrast to the 

experimental conditions, high vacuum (~10-7 torr, equivalent to ~1.33 10-5 Pascal) was used 

as a reducing environment in the TEM equipment. Therefore, the exsolution process may differ 

in detail from the experimental results that were conducted in 5%H2/Ar.  

 

Figure 7.12 Schematic illustration of the thermal cycle applied to the sample. 

To examine the evolution of L1.85NTR during the exsolution process, the sample was 

subjected to a heating procedure by reaching the target temperature incrementally to minimize 

sample and rod vibrations caused by rapid heating. The thermal cycle applied to the sample is 

illustrated in Figure 7.12. Furthermore, to analyse the chemical composition of the exsolved 

nanoparticles during thermal treatment, STEM-EDX analysis was conducted after quenching 

the sample to room temperature. The heating and quenching rates for the sample were set at 

5°C/s.  

Figure 7.13 displays the STEM- ADF images of both the initial and heated sample at 350°C, 

450°C and 800°C. Three bright dots, marked by arrows, are visible on the surface of the 

sample grain reduced at 300°C when compared to the initial pristine sample, as shown in 

Figure 7.13 (a). This observation suggests morphological changes indicative of nanoparticle 

exsolution. In order to thoroughly investigate the emerging nano-features, the sample was 

quenched and subsequently analysed using EDX mapping, as depicted in Figure 7.14(e). The 

corresponding STEM- ABF and STEM-ADF images (Figure 7.13 a-d) reveal spherical clusters 

present on the surface of the L1.85NTR sample. Figure 7.13(e) demonstrates Ni enrichment, 

signifying that Ni nanoparticle exsolution had already commenced from reduction at 350°C.  

    C
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    C

 emperature 

 ime 

Experimental thermal reduction in high vacuum and STEM imaging 

STEM-EDX analysis after quenching to room-temperature 
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As the reduction temperature increased, the evolution and reconstruction of the exsolved 

nanoparticles was observed. As demonstrated in Figure 7.13 (c), when the temperature rose 

to 450°C, two nanoparticles, indicated by green arrows in Figure 7.13 (b), 

reincorporated/dissolved into the bulk and vanished under microscopic observation. A similar 

phenomenon was observed when the temperature further increased to 800°C. This suggests 

the reconstruction of the sample surface morphology and exsolved nanoparticles, coupled with 

mass transportation within the bulk oxide materials. Cali et al. 185 also observed the movement 

of nanoclusters until they reached an energetically favoured location, i.e. surface defects, and 

proposed a vapour-liquid-solid (VLS) mechanism for the growth of exsolved Ir nanoparticles 

from SrTiO3. In this mechanism, if the Ir nanoparticles were smaller than the critical size for 

particle growth, the Ir particle tended to 'lock' itself in place rather than form a supporting wire. 

In our case, the reconstruction was possibly due to the exsolution as a dynamic process, 

continually altering surface morphology until the exsolved nanoclusters/nanoparticles 

achieved both an energetically favourable state and the critical size for particle growth. Cao et 

al. 325 calculated the theoretical critical size of Ni nanocrystals to be approximately 1.5 nm. As 

demonstrated in Figure 7.14, there were two types of nanoparticles present on the surface of 

the bulk grain reduced at 950°C. One type consisted of small nanoparticles, similar to those in 

Figure 7.13 (b-d), with sizes of roughly ≤ 3nm, i.e., 12 atomic diameters. The other type, 

marked by the green circle, had larger particle sizes of approximately 17 nm. The larger 

particles were considered the result of particle growth, while the smaller particles were still in 

a metastable state, potentially reincorporating into the bulk or merging with neighbouring large 

particles.  

In line with the discussion in Section 7.3.1, the STEM-EDX analysis of the sample quenched 

between heating stages revealed a gradual increase in particle size, suggesting the transition 

of exsolved particles from metastable to stable states. As demonstrated in Figure 7.15, the dot 

contrasts located at the edge of the bulk grain measure approximately 3 – 3.5 nm after 

quenching from 350°C. Figure 7.16 presented the STEM images and EDX maps of the 

exsolved nanoparticles quenched from 500°C, with several particles ranging in size from 3.1 

nm to 5.5 nm. It was expected that the smaller particles would reincorporate/dissolve in 

subsequent processes, while the larger particles will continue to grow through mass 

transportation and Ostwald ripening 185,326. Upon heating to 800°C, fully formed spherical 

socketed nanoparticles were observable, as shown in Figure 7.17. The spherical particle 

depicted in Figure 7.17 (e) has an approximate diameter of 9 nm. According to the EDX 

analysis, the nanoparticles or clusters depicted in Figures 7.15, 7.16, and 7.17 all appear to 

be enriched in the Ni metal phase. This could provide insights into the two-step exsolution 

process depicted in Figure 7.11 of the TG behaviour of the L1.85NTR during reduction. Below 

500°C, the reduction of the oxide bulk resulted in dynamic alterations to the surface 
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morphology, exsolving smaller nanoclusters which may reincorporate and dissolve into the 

bulk. Above 500-600°C, the nanoparticles that have achieved the critical size at energy-

favoured locations continue to grow, and more cations are expelled from the bulk and reduced 

into the metal phase, leading to further mass loss.  

Apart from particle growth, facets are another important factor that influences the exsolution 

process as discussed in Chapter 2. This is attributed to variations in thermodynamic nucleation 

energies and differences in the migration kinetics of cations across different crystal facets 327. 

As for the region depicted in Figure 7.13 (d), no prominently larger particles were observed at 

800°C. This observation can potentially be attributed to the presence of energy-unfavourable 

facets or planes, which impeded the migration of nickel cations 185,197,327. However, the 

mechanism behind still needs further investigation.  

 

Figure 7.13 In-situ STEM-ADF images of (a) initial and reduced L1.85NTR sample at 350°C (b), 450°C (c) and 
800°C (d).  
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Figure 7.14 In-situ STEM-ADF image of the L1.85NTR sample at 950°C in high vacuum.  

 

Figure 7.15 (a) STEM-ABF, (b) STEM-ADF, (c) STEM-MAADF, (d) STEM-HAADF images and (e) EDX maps of 
the quenched L1.85NTR after reduction at 350°C. Same area with the in-situ observation in Figure 7.13.  
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Figure 7.16 (a) STEM-ABF, (b) STEM-ADF, (c) STEM-MAADF, (d) STEM-HAADF images and (e) EDX maps of 
the quenched L1.85NTR after reduction at 500°C. 

 

Figure 7.17 (a) STEM-ABF, (b) STEM-ADF, (c) STEM-MAADF, (d) STEM-HAADF images and (e) EDX maps of 
the quenched L1.85NTR after reduction at 800°C. 

7.4 Impedance investigation of lanthanum nickel titanates and exsolution 

process  

The study has revealed that A-site deficient L1.85NTR double perovskite exsolved a Ni metal 

phase after reduction in a reducing atmosphere at a specific temperature. In this section, the 

application of A-site deficient L1.85NTR and its exsolution process as a fuel electrode for solid-

oxide cells are discussed. EIS was utilized to investigate the electrochemical performance of 

the Ru-doped A-site deficient lanthanum nickel titanates, along with the evolution of its 

performance as Ni nanoparticles were exsolved.  
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Figure 7.18 SEM images of the microstrucutre of the L1.85NTR/LSGM/L1.85NTR symmetric cell. 

Symmetric cells with the as-prepared L1.85NTR double perovskite as electrodes were 

fabricated as detailed in Section 3.2.4. The thickness of the LSGM electrolyte was 

approximately 396 µm, as illustrated in Figure 7.18 (a). The printed electrodes had a thickness 

of roughly 30 µm. Figure 7.18 (b) displays the microstructure of the interface between the 

electrode and the electrolyte. It can be observed that, after ball-milling, the electrode grain size 

is relatively smaller compared to the coarsened grain. A certain number of pores, acting as gas 

channels when measured in a wet 5% H2/Ar environment, are present in the sintered electrode 

layer, despite the electrode grains being close-packed, as shown in Figure 7.18 (b). 

Consequently, the microstructure of the symmetric cell requires further optimization in future 

work. The symmetric cell was then installed in the impedance testing system, as described in 

Section 3.3.5, and tested in a wet 5% H2/Ar atmosphere.  

Impedance spectra were measured within a wet 5% H2/Ar atmosphere using a Solartron 1260A 

frequency response analyzer (FRA). Frequencies ranged from 15 MHz to 50 mHz, with 20 

points measured per decade. As discussed in Section 7.4.2, exsolution was already observed 

beginning at 350°C. Therefore, to further investigate the temperature-dependence and the 

timescale of the exsolution process, EIS spectra at 343°C, 437°C, 528°C, and 710°C were 

measured, utilizing 10 loops of continuous measurements. EIS spectra at 800°C were 

recorded during the initial 1.5 hours, and the final spectrum was measured after a 4-hour 

reduction in a wet 5% H2/Ar atmosphere. Each spectrum required approximately 30 minutes 

to be scanned from high frequency to low frequency. This method allowed for the tracking of 

the spectra's evolution as the reduction progressed.  

Figure 7.19 displays EIS spectra of L1.85NTR/LSGM/L1.85NTR symmetric cell measured in 

flowing wet 5%H2/Ar at different temperatures. The flow rate was 200ml/min. The temperatures 

annotated in the figure were determined using a thermocouple placed within the sample 

chamber, as shown in Figure 7.18. Figure 7.19 (a) reveals two complex arcs, which span from 

the high-frequency to the low-frequency range, presented in the spectra measured at 343°C. 

The gradual evolution of the ten spectra over five hours suggests a slight decrease in 
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impedance as the exsolution proceeds, with the spectra appearing to stabilize after 30 minutes 

of measurement at this temperature.  

Figure 7.20 displays the fitting of the final spectrum from Figure 7.19 (a), based on the 

assumption that after five hours of reduction, the symmetric cell had reached an equilibrium 

state. The inset graphs illustrate the usage of two R/CPE components to simulate the 

frequency-dependent impedance response, suggesting that the impedance was primarily 

contributed by two types of response during the measurement. As indicated in Table 7.4, the 

ASR of the R1/CPE1 was approximately 1512 Ωcm2. The capacitance of R1/CPE1 seems to 

originate from the LSGM electrolyte, a finding that aligns with the reference value, stating that 

the conductivity of LSGM at this temperature range was between 10-5 to 10-6 S/cm 328. The 

second R2/CPE2 component was ascribed to the electrode-electrolyte interface with an ASR 

of 5702 Ωcm2. This was expected as the first arc of the spectra remained constant with time, 

while the low-frequency arc displayed a slight decrease, implying an improvement in the 

conductivity at the interface due to the progression of Ni cation exsolution.  

When the temperature rose to 437°C, an intriguing phenomenon was noted: as the reduction 

proceeded, the low-frequency impedance arc showed a slight increase. Similar fitting was 

conducted with the 10th spectrum of the measurement at 437°C, as presented in Table 7.4. 

With the calculated capacitance of the R/CPE components, it was revealed that the resistance 

of interface layer increased over time and as the exsolution proceeded. According to previous 

in-situ TEM investigations, the exsolved Ni nanoparticles were too small to reach the critical 

size necessary for subsequent growth and might undergo reconstruction within this 

temperature range. This could potentially explain the observed increase in impedance: the 

reconstruction of nanoparticles and the incorporation of Ni into the structure, coupled with the 

loss of smaller nanoparticles, might hinder the desorption of hydrogen and decrease 

conductivity. However, the mechanism of this synergistic effect of exsolution and nanoparticle 

reconstruction remains unclear, necessitating further investigation in future work.  

Upon further increasing the temperature to above 500°C, the impedance arcs exhibited a more 

pronounced decrease, as depicted in Figure 7.19 (c-e). Contrary to Figure 7.19 (a), the spectra 

measured at 528°C and 710°C suggested that exsolution continued for a longer duration. The 

spectra taken at 528°C seemed to stabilize after 4 hours of reduction, while the spectra 

obtained at 710°C continued to decrease until 5 hours of reduction. 

Due to constraints of the testing system and FRA, only four spectra were measured at 800°C. 

These spectra demonstrated significant changes in both the shape and size of the impedance 

arcs. One notable observation is the gradual shift of the impedance arc intersections towards 

a higher resistance value. This can be attributed to the proximity of the reduction temperature, 

800°C, to the melting point of the silver wires and current collector, which is 961°C. This might 
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result in thermal fatigue, expansion, mismatch, and loss of connection with the sample 

electrode, even as the total impedance of the symmetric cell decreased. The spectrum 

measured after 4 hours of reduction at 800°C was fitted as shown in Figure 7.21. The total 

ASR of the symmetric cell was approximately 13.99 Ωcm2, in which the resistance of testing 

rigs and connection was also contributes. The fitting results suggested that the resistance 

contributed by the LSGM electrolyte bulk and grain boundary was merged into the intercept 

impedance arc (Rs), and the electrode-electrolyte interface dominated the low-frequency and 

high frequency arcs response and the resistance decreased to around 5.2 Ωcm2.  

In conjunction with the in-situ investigation, it can be concluded that the exsolution process 

occurs over a broad temperature range, spanning from low to high operational temperatures 

of the solid-oxide cell. The exsolution of the Ni nanoparticles resulted in a more substantial 

enhancement in the temperature range above 500°C, where the exsolution and particle growth 

are more consistent. The impedance spectra at 437°C exhibited an intriguing trend where the 

impedance gradually increased as the reduction process progressed. This phenomenon 

warrants further investigation.  
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Figure 7.19 EIS spectra of L1.85NTR/LSGM/L1.85NTR symmetric cell measured in flowing wet 5%H2/Ar at different 
temperatures. The spectra of each temperature were measured continuous with the reduction progressing. Each 

spectrum was scanned for 30mins.  
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Figure 7.20 EIS spectrum of L1.85NTR/LSGM/L1.85NTR symmetric cell measured after reduction in flowing wet 
5%H2/Ar for 4.5 hours at 343°C, and the fitted plots. The inserted sketches illustrate the equivalent circuits.  

 

Figure 7.21 EIS spectrum of L1.85NTR/LSGM/L1.85NTR symmetric cell measured after reduction in flowing wet 
5%H2/Ar for 4.5 hours at 800°C, and the fitted plots. The inserted sketches illustrate the equivalent circuits. 

Table 7.4 Fitted parameters of the components in the equivalent circuits at 343°C, 437°C and 800°C. 

 

7.5 Topotactic exchange enhanced Ru-exsolution 

As elaborated in Section 7.3, Ni nanoparticles were exsolved from L1.85NTR during reduction 

within the temperature range of 350°C to 800°C. Contrary to our observations of A-site deficient 

lanthanum nickel ruthenates, the ruthenium cations displayed no noticeable enrichment as 

depicted in Figures 7.6 and 7.7. As a result, the advantages linked to the incorporation of the 

Ru dopant are diminished, due to the low concentration and strong lattice interaction of Ru 

dopant cations, which need higher reduction temperature or alternatives to provide extra 

‘driving forces’ for Ru exsolution 144. On the other hand, there’s possibility of Ru cations 

nucleate and remain in the subsurface of the perovskite parent phase, forming endogenous 

nanoparticles. Therefore, to further explore Ru-exsolution, the L1.85NTR sample, reduced 

above 800°C in a wet 5%H2/Ar environment for 3 hours, was examined using STEM-EDX.  
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Capacitance C      E  n  E   R   cm
  Capacitance C      E  n  E   R   cm

  Rs  cm   emperature 

5.02 10-50.705(2)4.95(2) 10-55702(36)1.03 10-100.724(3)5.3(2) 10-91512(6)53(5)343°C

5.4 10-50.691(1)8.2(3) 10-51304(3)7.8 10-110.87(2)8.6(8) 10-788(2)42.2(8)437°C

1.93 10-50.76(1)1.34(8) 10-43.7(2)7.8 10-60.75(3)2.9(1) 10-91.5(2)8.79(2)800°C
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Figure 7.22 STEM images and EDX maps of two distinct regions (a) and (b) of the L1.85NTR sample reduced at 

1000°C in a wet 5%H2/Ar for 3 hours.  

Figure 7.22 presented the STEM-EDX analysis of two distinct particles located on the surface 

of the L1.85NTR sample reduced at 1000°C in a wet 5%H2/Ar environment for 3 hours. Ru 

exsolution was observed in Figure 7.22 (a) with particle sizes ranging from approximately 2.5 

- 3 nm, while no Ni enrichment is detected in these exsolved nanoparticles. Figure 7.22 (b) 

demonstrated the exsolution of Ni particles measuring ~35 nm. This suggested that the onset 

of ruthenium exsolution from the lanthanum nickel titanates necessitates higher reduction 

temperatures. This occurrence may be attributed to the sluggish migration of transition metal 

cations in perovskite structure 329, which was Ru cations in the Ru-doped lanthanum nickel 

titanates in this work, especially in comparison to ruthenates, where the Ru cations are more 

abundantly distributed within the material. 

In recent years, a novel approach to promoting the exsolution reaction was introduced 203 . 

This approach involves infiltrating exotic cations onto the surface of perovskite and substituting 
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the B-site cations during the reduction process, typically resulting in bimetallic alloy 

nanoparticles. This method has been reported to improve instability issues associated with 

high temperature reduction 206. In this work, we employed this method to enhance exsolution 

and maintain stability during high-temperature reduction of L1.85NTR.  

Iron was chosen as the guest cations for topotactic exchange due to its relatively high 

exchangeable energy 206,330. Following the infiltration method outlined in reference 331 , a 10 

wt% Fe(NO3)3·9H2O (Sigma-Aldrich) aqueous solution was prepared as the cation swapping 

exchange precursor. The infiltrated L1.85NTR sample was annealed at 450°C for 4 hours, 

resulting in the presence of Fe2O3 on the surface of the L1.85NTR sample. The total fraction 

of infiltration was 5.37 wt% Fe2O3 on the L1.85NTR sample. The infiltrated sample, noted as 

Fe-L1.85NTR, was then reduced in wet 5% H2/Ar at a specific temperature for 3 hours.  

 

Figure 7.23 SEM images of (a) L1.85NTR sample and (b) Fe2O3 infiltrated L1.85NTR sample reduced at 800°C in 

wet 5% H2/Ar for 3 hours. The dashed circles mark some of the sintered-like particles present on the surface of 

L1.85NR which was considered as unexchanged iron oxide. 

Figure 7.23 shows the SEM images of the L1.85NTR sample and Fe-L1.85NTR sample 

reduced at 800°C. A higher number of nanoparticles can be observed on the surface of the 

bulk grain in the reduced Fe-L1.85NTR sample compared to the reduced L1.85NTR sample. 

This observation suggests that the topotactic exchange of Fe cations with the B-site cations of 

L1.85NTR promotes the exsolution reaction as expected. However, there appear to be 

sintered-like nano grains or particles on the surface, which resemble unexchanged Fe2O3 

grains rather than exsolved nanoparticles (marked by the dash circles in Figure 7.23).  

To investigate the species on the reduced Fe-L1.85NTR sample further, TEM and STEM-EDX 

were employed, as shown in Figure 7.24 and 7.25. Figure 7.24 displays the TEM bright-field 

images of the reduced Fe-L1.85NTR. The contrast between the brighter grain and the dark 

bulk indicates thickness or phase differences. In Figure 7.24(b), dark nanoparticles can be 

observed on the brighter grain, likely representing the exsolved nanoparticles. Yet, some dark 

particles/inclusions are also present, as indicated by the arrow in Figure 7.24(a). Figure 7.25 

reveals the STEM-EDX analysis results, demonstrating enrichment of both nickel and 

                                a   b  
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ruthenium at a spherical feature. This confirms the exsolution of a Ni-Ru alloy ~23.77 nm in 

diameter. In addition, Ru atoms also showed enrichment in features approximately 6 – 9 nm in 

diameter. This suggests that the topotactic exchange method enhanced the exsolution of 

ruthenium at 800°C as expected. However, it is intriguing that the enrichment of both Ni and 

Ru atoms appears atop the Fe2O3 phase, raising an interesting question about how Ru and Ni 

migrated into the iron oxide phase. Due to project time constraints, this mechanism has not yet 

been investigated.  

In general, preliminary data offers an alternative approach to the exsolution treatment of Ru-

doped A-site deficient lanthanum nickel titanates. By infiltrating a guest Fe source onto the 

surface of L1.85NTR, the population of exsolved nanoparticles was enhanced after reduction 

in wet 5%H2/Ar at 800°C for 3 hours. The STEM-EDX analysis revealed the presence of alloy 

nanoparticles atop the unexchanged Fe2O3. The exsolution of ruthenium cations mitigated the 

need for high-temperature reduction in L1.85NTR for Ru-exsolution. However, the 

mechanisms of the exsolution process, including the guest cation swapping with B-site cations, 

migration of exsolved atoms, nucleation, and particle growth, require further investigation in 

the future. 

This section represents a collaborative project with Dr. Arim Seong. The author would like to 

acknowledge Dr. Arim Seong for her assistance with the topotactic exchange method and 

infiltration operation. 

 

Figure 7.24 TEM images of Fe-L1.85NTR sample reduced in wet 5%H2/Ar at 800°C for 3 hours. 
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Figure 7.25 STEM images and EDX maps Fe- L1.85NTR sample reduced in wet 5%H2/Ar at 800°C for 3 hours. 

7.6 Summary  

This chapter presents the synthesis of Ru-doped A-site deficient double perovskite L1.85NTR 

via the sol-gel method. Rietveld refinement revealed a monoclinic structure (space group P21/n) 

with 0.616 degree of B-site ordering for the product, L1.85NTR. Reduction in wet 5% H2/Ar at 

800°C for three hours led to exsolution of Ni nanoparticles from the bulk double perovskite 

grain. Surprisingly, exsolution of Ni nanoparticles was also observed at low temperature, 450°C, 

displaying smaller particle size and narrower size distribution compared to higher temperature 

exsolution. TG analysis showed two exsolution steps during reduction, occurring at 427°C and 

665°C. In-situ STEM coupled with EDX analysis revealed grain morphology reconstruction 

around 450°C and particle growth with increasing temperature. Ex-situ STEM-EDX confirmed 

Ru exsolution in the sample reduced at 1000°C. Topotactic exchange promoted Ru exsolution 

and maintained double perovskite structure stability, resulting in Ni-Ru alloy exsolution and 

increased nanoparticle population. EIS measurements on L1.85NTR/LSGM/L1.85NTR 

symmetric cells showed decreased impedance after reduction in wet 5% H2/Ar, except at 

437°C, where slight impedance increase occurred. After four hours of reduction, impedance 

decreased to 5.4 Ωcm2, indicating potential application of employing exsolution method and 

L1.85NTR as a fuel electrode in solid-oxide cells.  

7.7 Future work  

Based on the discussions in Sections 7.2-7.4, the exsolution of Ni nanoparticles is evident 

across a wide temperature range, from 350°C to 800°C. However, intriguing phenomena 

observed around 450°C warrant further investigation. Both TG and in-situ STEM revealed two 

stages of mass loss and morphology reconstruction, accompanied by an increase in EIS 

impedance with reduction time, suggesting a unique exsolution behaviour at this low-
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temperature range. Future studies employing modelling and simulation could provide valuable 

insights. 

Another noteworthy finding in this project is the simultaneous exsolution of Ni and Ru after 

reduction at 800°C, facilitated by topotactic exchange. However, STEM-EDX analysis revealed 

a peculiar distribution of Ni-Ru nanoparticles atop unexchanged iron oxide, indicating the need 

for further investigation into the migration of Ni and Ru cations. This observation calls for 

optimization of the experimental parameters involved in topotactic exchange. 

Furthermore, EIS impedance measurements indicated an improvement in electrochemical 

performance with increasing exsolution. While the impedance of the symmetric cell reached 

approximately 5.4 Ωcm2, the electrode interface impedance remained approximately 20 times 

higher than that of commercial electrodes, suggesting the need for further optimization of 

microstructure and cell fabrication parameters. 
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Chapter 8  Conclusion and future work  

8.1 Conclusion  

Driven by the pressing need for the development of highly efficient and long-lasting Solid Oxide 

Cells (SOCs), extensive efforts have been directed toward enhancing efficiency and mitigating 

the rapid degradation of fuel electrodes8. Due to the convenient in-operando growth of catalytic 

active nanoparticles and enhancement of stability and impurity tolerance, the exsolution 

phenomenon and method has drawn drastically increased attention since 2013, in the field of 

electrochemical devices, especially SOCs81,88,179. In this thesis, the exsolution phenomenon 

was investigated in conjunction with double perovskite materials as potential fuel electrodes 

for SOCs. 

Double perovskite materials, particularly those incorporating Ru as B-site cations, have shown 

promise as candidates for SOC electrode/electrocatalyst applications. This is attributed to the 

catalytic activity of Ru cations in facilitating the Oxygen Reduction Reaction (ORR), Oxygen 

Evolution Reaction (OER), Hydrogen Oxidation Reaction (HOR), and Hydrogen Evolution 

Reaction (HER). In this study, lanthanum nickel ruthenate double perovskites were 

synthesised and explored their intrinsic properties 50,283. The synthesis methods were firstly 

discussed, comparing the solid-state reaction and sol-gel citric-nitrate route. The sol-gel 

method demonstrated superior product quality and was subsequently employed in these 

investigations. Characterization of intrinsic properties confirmed that the synthesized 

stoichiometric double perovskite La2NiRuO6 (L2NR) exhibited a monoclinic structure with 

space group P21/n and rock-salt ordering of B-site Ni and Ru cations. Thermal analysis in an 

air environment confirmed the stability of L2NR up to a temperature of 800°C and its suitability 

for fast sintering and densification at 1400°C. X-ray Photoelectron Spectroscopy (XPS) 

investigations validated the valence states of the cations within the double perovskite structure 

as +2, +3, and +4 for Ni, La, and Ru, respectively. Solubility of A-site deficiencies was also 

explored, with results indicating values below 10 at% for subsequent exsolution studies.  

In the exsolution studies of lanthanum nickel ruthenates, the crucial role of A-site deficiency in 

promoting nanoparticle exsolution and ensuring structural stability under reducing conditions 

was highlighted. Comparative analyses of LxNR samples (x = 2, 1.9, and 1.85) after reduction 

revealed the exsolution of Ni-Ru bimetallic alloy from the A-site deficient sample L1.85NR 

following low-temperature reduction (450°C) in a wet 5%H2/Ar atmosphere. This underscores 

the advantage of utilizing the double perovskite structure in exsolution treatments, where both 

B-site cations with a 50% concentration may exsolve, forming alloy nanoparticles at lower 

temperatures while minimizing long-distance diffusion.  
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In the investigation of L1.85NR exsolution, various reduction conditions were explored. Dry 

reduction in 5%H2/Ar at 450°C resulted in the exsolution of metal nanoparticles. Thermal 

analysis provided in-situ observations of mass loss during reduction in dry 5%H2/Ar, indicating 

an onset of exsolution at lower temperatures than 450°C. The relatively small amount of 

oxygen loss compared to previous studies298,299 implied structural stability, with a high 

abundance of exsolved nanoparticles observed on the surface within 3 hours. 

To examine exsolution behaviour with increasing temperatures, ex-situ TEM studies on 

L1.85NR reduced at 350°C, 400°C, and 450°C were conducted. Lower temperatures favoured 

nucleation, resulting in a more uniform distribution and smaller particle size observed at 350°C. 

STEM-EDX analysis at 350°C indicated the separation of exsolved Ni and Ru metallic phases. 

In-situ STEM and STEM-EDX investigations in high vacuum revealed a surprising 

phenomenon: at 300°C, Ni metal chunks and small Ru metal nanoparticles were detected for 

the first time. Subsequent thermal reduction at higher temperatures led to the gradual 

disappearance of Ni chunks, forming smaller Ni nanoparticles. After reduction at 450°C in high 

vacuum, overlapping signals of Ni and Ru appeared in the exsolved nanoparticles observed in 

the EDX analysis maps.  

During isothermal reduction at 450°C in high vacuum, rapid nucleation occurred within 20 

seconds to 2 minutes, as observed through in-situ TEM observations. A similar response was 

noted under wet 5%H2/Ar conditions in EIS investigations of symmetric cells featuring L1.85NR 

electrodes. The substantial decrease in low-frequency arcs was attributed to the exsolution of 

Ni-Ru nanoparticles. Following a 25-minute reduction period, the ASR of the symmetric cell 

improved by approximately 90% compared to initial measurements in static air. Full cell tests 

with L1.85NR/LSGM/LSCF single cells demonstrated reduced ASR as reduction and 

exsolution progressed, compared to the stoichiometric phase L2NR as the fuel electrode. Peak 

power density increased at both 450°C and 600°C, suggesting the potential of Ni-Ru 

nanoparticle-decorated L1.85NR for SOC applications.  

Additionally, collaboration with DESY synchrotron beamline centre enabled the collection of in-

situ WAXS data, which revealed a growing signal attributed to the Ni-Ru alloy phase during 

reduction in 5%H2/N2. Similar observations were made for L1.85NR reduced at 550°C, where 

in-situ WAXS data exhibited the presence of Ni-Ru metallic phase post-reduction, along with 

partial decomposition to lanthanum oxides as expected.   

Subsequent investigations focused on the exsolution of Ru-doped lanthanum nickel titanate 

double perovskite, where Ni cations retained a 50% concentration on the B-site, while Ru 

content reduced to 5at%, and Ti cations were non-exsolvable. Following wet 5%H2/Ar 

reduction, Ni nanoparticles were identified over a broad temperature range (350°C - 1000°C). 

Thermal analysis of the A-site deficient sample L1.85NTR revealed a two-step mass loss 
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indicative of oxygen loss. In-situ STEM observations revealed particle growth with increasing 

temperature, with surface reconstruction observed around 400-450°C, leading to the 

disappearance or re-dissolution of unstable nanoparticles into the bulk. Notably, the exsolution 

of Ru cations as 5at% dopants was only observed after reduction at 1000°C, indicating the 

dominant role of diffusion and concentration in Ru exsolution. Attempts to promote Ru 

exsolution through topotactic exchange resulted in enhanced exsolution of binary alloy 

nanoparticles. Electrochemical performance assessment through EIS investigations of 

symmetric cells yielded an ASR of 5.4 Ωcm² after 4-hour reduction in wet 5%H2/Ar at 800°C, 

underscoring the potential of L1.85NTR for use as a fuel electrode in SOCs. 

In conclusion, this research investigated the exsolution phenomenon and its application in 

different double perovskite materials, such as lanthanum nickel ruthenates and Ru-doped 

lanthanum nickel titanates. These materials, especially when A-site deficient and featuring 

exsolved nanoparticles, show considerable potential for SOC applications, as evidenced by 

enhanced electrochemical performance. The findings presented in this thesis contribute to the 

progress of SOCs and lay a groundwork for future exploration and development in this domain. 

8.2 Future work 

8.2.1 Studies on the A-site deficiency concentrations and its effect of exsolution 

In this thesis, A-site deficiency systems has been established to facilitates the exsolution 

process. In Chapter 5, both L1.85NR and L1.9NR exhibited exsolved nanoparticles under 

microscopic characterization. However, the relationship between exsolved nanoparticles and 

A-site deficiency concentrations remains unclear. Considering the reported "trapping" effect of 

A-site vacancies on exsolved cations 185, it is theoretically expected that higher A-site 

deficiency concentrations would lead to a greater nucleation. Based on preliminary information 

about the solubility of A-site deficiency in lanthanum nickel ruthenate double perovskites, a 

delicate design involving La2-xNiRuO6-δ (0 ≤ x ≤ 0.15) with varying A-site deficiency content 

could be undertaken. In-situ and ex-situ microscopy observations of L(2-x)NR undergoing 

exsolution would aid in differentiating the effects of A-site deficiency concentrations.  

8.2.2 Studies on the facet-dependency of the exsolution 

In Section 5.3.1, it became evident that exsolved nanoparticles on dense pellets exhibited 

differences in population across different grains. Investigating the preferred orientation of 

exsolved nanoparticles in the monoclinic P21/n structured L1.85NR double perovskite is 

worthwhile. Two viable approaches can be pursued for studying orientation preferences and 

facet dependency. The first involves applying polycrystalline ceramic Electron Backscatter 

Diffraction (EBSD) to dense ceramic pellets to characterize facet orientations, in conjunction 

with SEM characterization of exsolved nanoparticles. The second approach entails using 

deposition techniques to fabricate double perovskite thin films with specific orientations. 
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Characterizing these thin films post-reduction would provide insights into the effects of 

orientation. 

8.2.3 Studies on hydrogen partial pressure and its effect on the exsolution  

Throughout this thesis, various reducing atmospheres, including wet 5%H2/Ar with 

approximately 3% moisture, dry 5%H2/Ar, pure hydrogen, and high vacuum, were employed 

for the reduction and exsolution of A-site deficient lanthanum nickel ruthenates and titanates. 

Therefore, it is valuable to systematically investigate the extent of reducing conditions and their 

impact on exsolution behaviour. Balancing hydrogen partial pressure can be achieved by 

adjusting moisture content or mixing pure hydrogen with inert gases (Ar or N2). TGA under 

various atmospheres provides a convenient means to observe the initiation of mass loss and 

exsolution.  

8.2.4 Studies on the electron-beam induced exsolution 

In Section 6.4.2, an intriguing phenomenon of large Ni metal particles exsolving and 

subsequently redissolving into the bulk was observed. Intensive exsolution was noted during 

in-situ STEM investigations in a high vacuum environment. However, the potential beam 

damage effect remains unclear. Employing in-situ TEM or STEM imaging would be ideal to 

observe the beam's effect on the exsolution. Continuous TEM or STEM observation at room 

temperature or relatively low temperatures (for example, 150°C) for extended periods would 

provide insights into the beam's effect on the exsolution phenomenon.  

8.2.5 Studies on the re-oxidation and reversibility of the exsolved nanoparticles 

Preliminary WAXS data indicated the evolution of Ni-Ru alloy signals with ongoing reduction. 

However, once the reduced L1.85NR sample was exposed to an oxidation atmosphere, the 

signal from the metallic phase disappeared, suggesting an instantaneous response of 

exsolved nanoparticles to the high temperature reducing atmosphere. This raises an intriguing 

question about whether exsolved nanoparticles exhibit reversibility, akin to a "self-generated" 

catalyst 83,212. Further work is required, involving in-situ real-time characterization techniques, 

as the instant response of particles may occur within a second—the scanning time for WAXS 

data. Redox cycles could also be employed in continuous EIS investigations to verify the effect 

of self-regeneration.  

8.2.6 Studies of cations diffusion in topotactic exchange  

Topotactic exchange has been demonstrated to facilitate exsolution and the formation of alloy 

nanoparticles203,332. Preliminary data confirmed the formation of Ni-Ru bimetallic nanoparticles 

in the presence of Fe2O3 as an exotic exchange source. However, the exsolution process and 

the cation diffusion pathways in this method remain unclear. Metallic phases were 
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characterized on top of the iron oxide phase, underscoring the need to investigate cation 

diffusion in the topotactic exchange mechanism.  

8.2.7 Studies on optimizing symmetric cell and single cell structure 

While the assessment of electrochemical performance in Chapter 6 and 7 has revealed 

promising prospects for A-site deficient lanthanum nickel ruthenates and titanates as SOC 

electrodes, the ASR of full cells or symmetric cells still exceeds the common target for 

applications, which typically requires an ASR of 0.45 Ωcm² or lower11. Therefore, optimization 

efforts are essential for application purposes. Various approaches, such as adjusting 

electrolyte thickness, tuning electrode microstructure, and optimizing electrode composition, 

can be explored to enhance cell electrochemical performance.  
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Appendix 

5.1 ASAXS analysis 

As demonstrated in Section 6.5, Anomalous Small-Angle X-ray Scattering (ASAXS) was 

employed to further investigate the nucleation and particle growth process of the L1.85NR 

sample in an in-situ environment of 5% H2/N2 at reduction temperatures of 450°C and 550°C. 

In this appendix section, preliminary data and analysis of ASAXS patterns at the Ru edge of 

the L1.85NR sample reduced at 450°C are included. Author would like to acknowledge the 

invaluable assistance of Prof. Simone Mascotto from the University of Koblenz, Dr. Xiao Sun 

and Dr. Sylvio Haas from DESY, and Miss Princess Inangha from the University of Hamburg 

for their support in data collection and analysis.  

 

Figure A.26 ASAXS curves of the L1.85NR sample during the reduction in 5%H2/N2 at 450°C at 22.121 KeV energy: 

the intensity of high-q range increased with the reduction progressing. 
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Figure A.27 ASAXS curves of the L1.85NR sample during the reduction in 5%H2/N2 at 450°C at 22.106 KeV energy. 
A similar trend with higher energy that with the reduction progressing, the high-q range showed elevated intensity.  

 

Figure A.28 ASAXS curves of the L1.85NR sample during the reduction in 5%H2/N2 at 450°C at 22.106 KeV energy.  



211 
 

 

Figure A.29 ASAXS curves of the L1.85NR sample during the reduction in 5%H2/N2 at 450°C at 22.057 KeV energy. 

A  

 

Figure A.30 ASAXS curves of the L1.85NR sample during the reduction in 5%H2/N2 at 450°C at 221.981 KeV energy.  
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Figure A.31 ASAXS curves of the L1.85NR sample during the reduction in 5%H2/N2 at 450°C at 21.831 KeV energy. 
Similar with the discussion in section 6.5 on WAXS, the initial scanning at the beginning of experiments showed 
distinguished lower intensity and background which might attributed to the setting of measurement.  

The deconvolution and fitting of the ASAXS data were conducted with the assistance of Prof. 

Simone Mascotto from the University of Koblenz and Dr. Xiao Sun from DESY. Figure 7 

displays the fitted particle size distribution of the Ru nanoparticles. Two sets of particle sizes 

were employed for fitting the integrated curves in Figures 1-6. According to the fitted results, 

the first type of Ru-containing particles had a size of approximately 1 nm with a narrow size 

distribution, roughly equivalent to 3-4 atomic diameters. These smaller particles' signals were 

attributed to the scattering of Ru nuclei at the initial stage of exsolution, either below or on the 

surface. These nuclei were considered non-stable, as discussed in Chapters 6 and 7, until they 

agglomerated into larger sizes exceeding the critical size for particle growth. 

The second type of exsolved particles had a size of around 5 nm, consistent with the 

observations under TEM (as discussed in Section 5.5). These particles were considered as an 

alloy phase present on the surface of the bulk double perovskite. With the reduction 

progressing, both the small nuclei/cluster and the particles showed enhanced intensity, 

implying the higher extend of exsolution happened.   
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Figure A.32 Respective size distribution of the exsolved nanoparticles contained Ru. The legend of the plots 
indicates the number of scans collected. The scanning rate was 1 scan/min.  

 

 

 

 

 

 

 

 

 

 

 

 

5.2  Copyright  

Below are the electronic copies of all permission documents for the figures reused from their 

original sources: 
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