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ABSTRACT 

Solid oxide fuel cell (SOFC) is an advanced power generation device that has desirable 

fuel flexibility and higher efficiency compared to conventional electricity generators. Since 

SOFC requires different fuel gases for reactions, a catalytically active fuel electrode with 

excellent stability as well as good carbon deposition resistance is the real challenge for the 

cell. In this research, the in-situ exsolved bimetallic doped A-site deficient perovskite oxide: 

A-site deficient nickel (Ni) and cobalt (Co) bimetallic doped lanthanum strontium chromite 

oxide (LSC) has been fabricated as a potential fuel electrode for SOFC. The in-situ 

exsolution process of Ni-Co alloy has been elaborately studied from various aspects. The 

electrochemical performances of Ni-Co doped LSC are thoroughly compared with Ni 

doped LSC in hydrogen gas, syngas as the anode and in CO2 gas as the cathode. The fuel 

cell with a bimetallic doped LSC anode has shown maximum power densities of 329 

mW/cm2 in hydrogen and 258 mW/cm2 in syngas compared with only 237mW/cm2 in 

hydrogen and 170 mW/cm2 in syngas for the fuel cell with the single metallic doped anode 

at 850℃. The Ni-Co doped electrode also has shown higher optimum operating voltage 

and better stability than the Ni doped electrode in cathode function. Ni-Co doped cells have 

demonstrated no obvious degradation during long-term operation as well as good carbon 

deposition resistance under the tested atmosphere. It can be postulated that the existence of 

A-site deficiency helps the formation of oxygen vacancies as well as enhances the 
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reducibility of B-site ions. Meanwhile, the synergistic effect between Co and Ni has 

changed the reduction behavior of Ni particles that increased its reducibility and promoted 

its electrochemical performances as well as the carbon deposition resistance.  
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Chapter 1 Background Information 

The Fossil Resource Consumption  

The rapid growth of the world’s energy consumption in recent years, and subsequent 

increase in GHG (greenhouse gas) emissions, has raised serious concerns about heavy 

environmental impacts such as global warming and climate change.1 Figure 1.1 a) and b) 

depict the fuel consumption and fuel electricity generation trends of the last four decades, 

respectively. These data have been collected and revealed by the International Energy 

Agency (EIA) 2015. From 1973 to 2013, the world total final consumption of fuel has 

grown by 99.3% (4667 Mtoe (Million Tons of Oil Equivalent) to 9301 Mtoe). As the 

second largest energy resource in the world, the consumption proportion of the electricity 

is almost doubled in last four decades (from 9.4% to 18.0%). In terms of electricity 

generation, fossil fuels still play a significant role as depicted in Figure 1.1(b) that most of 

the electricity is generated by fossil thermal method, and the amount of generated 

electricity has increased by 280% (6131TWh to 23322 TWh).2 

 

 

Figure 1.1. a) The world final consumption by fuel from 1971 to 2013. b) The world 

electricity generation from 1971 to 2013.2  
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To mitigate the massive usage of fossil fuels for electricity generation, efforts can be placed 

onto the investigation of novel energy generation methods with higher conversion 

efficiency with environmentally friendly, low pollution conversion emissions, such as the 

electrochemical approach. 

1.2 Fossil Thermal Power Generation, Fuel Cells and SOFC 

1.2.1 Fossil Fuel Power Generation 

As illustrated in Figure 1.2, a traditional thermal power station contains a complicated 

energy conversion process. At first, the chemical energy contained in fossil fuels is 

converted into thermal energy through combustion. The thermal energy is then applied to 

a steam boiler to generate mechanical energy with the use of a steam turbine, and at last, 

electricity is produced by transforming mechanical energy using a generator.3 Throughout 

the process of converting chemical energy into electricity, a loss of energy can be expected 

at each of the four conversion steps. In addition, on-site water processing and pollution 

control facilities also consume a part of the produced electricity. As a result, modern steam 

cycling thermal power stations have an efficiency of only around 40%.4 Therefore, from 

the overall point of view, the operation of a fossil thermal power station contains 

unavoidable limitations that constrain its development for higher energy conversion 

efficiency.  
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Figure 1.2. The schematic diagram of traditional thermal power station.3 

In contrast to the lengthy and inefficient four step conversion process used in power stations, 

fuel cell research has depicted a more direct pathway, one with a simpler operating process 

to convert chemical energy into electricity with emissions of only water or with small 

amount of nearly pure CO2.
5 Fuel cell technology provides great potential in the area of 

high-efficiency fossil fuel conversion. Therefore, compared to the traditional fossil fuel 

thermal power generation process, the use of fuel cells and electrochemical processes 

provide a cleaner energy producing technology which focuses on the improvement of 

energy generation efficiency and fossil fuel consumption reduction.6  

1.2.2. Fuel Cells and SOFC  

A fuel cell is a device that uses electrochemical processes to directly convert chemical 

energy into electricity. This process is also done in a manner that provides significant 

environmental advantages with regard to the low pollutant and GHG emission aspects. 6,7 

Nowadays, different types of fuel cells are developed based on the same operating principle 

as shown in Figure 1.3. In a fuel cell system, the fuel electrode (anode) contains a porous 

electrode where the oxidation of the fuel gas occurred. Oxygen (from the air) comes into 

contact with the air electrode (cathode), which undergoes reduction processes to form oxide 

ions. Protons or oxide ions are transported through the electronically insulating electrolyte. 



 

4 

 

Water is produced as the final product of the reaction and electricity is generated by the 

flow of electrons that is delivered to the external circuit.7 The reaction equations are listed 

as equations 1 and 2. 

 

 

Figure 1.3. The schematic diagram of the fuel cell operating principle.7  

𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒−  (1) (Anode) 

𝑂2 + 4𝑒− → 2𝑂2− (2) (Cathode) 

 

The five main types of fuel cell are shown in Table 1.1. These fuel cells are classified based 

on the different types of materials used for the ionic conductors, the electrolyte.6 The 

alkaline fuel cell (AFC) conducts OH- ions from the cathode to the anode using a strong 

alkaline solution (sodium/potassium hydroxide Na/KOH) as the electrolyte. AFC’s, the 

oldest type of fuel cell technology, require very pure hydrogen as the fuel source and 

air/pure oxygen as the oxidant. Phosphoric acid fuel cells (PAFC) use a concentrated 

phosphoric solution to conduct H+ with hydrogen or syngas as the fuel. Polymer electrolyte 

membrane (PEM) fuel cells, also known as the proton exchange fuel cells and solid 

polymer fuel cells are operating based on the proton conducting membrane electrolyte to 

transfer H+ from anode to cathode. In this case, only pure hydrogen is considered as the 

proper fuel source. In the case of molten carbonate fuel cells (MCFC), a molten potassium 
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lithium carbonate electrolyte is applied to conduct CO3
2- from the cathode to the anode. 

Syngas is considered to be a suitable fuel for MCFC. Finally, the SOFC utilizes hydrogen 

from hydrocarbons at the anode and oxygen from air at the cathode to produce electricity. 

SOFC has the highest operating temperature compared to other fuel cells as ceramics are 

selected as the electrolyte. Both the ion and proton conductor electrolytes are investigated 

for SOFC.7  

 

Table 1.1. Five main types of fuel cell. 7 

Fuel Cell Electrolyte 
Operating 

Temperature (ºC) 

Alkaline (AFC) Sodium/ Potassium Hydroxide 70 

Phosphoric Acid (PAFC) Phosphoric Acid 200 

Polymer Electrolyte Membrane(PEM)  Polymer Membrane 80 

Molten Carbonate (MCFC) Molten Salt 650 

Solid Oxide (SOFC) Ceramic 750-1000 

 

The SOFC has been considered the most efficient power generating fuel cell with an 

efficiency of up to 70% and an additional 20% which can be recovered from heat. Unlike 

other fuel cells, SOFC has the most flexible choice of fuels and can generate electricity 

from many carbon-based fuels such as syngas and natural gas.6 Moreover, the high 

temperature operating conditions of SOFC provide a suitable environment for the internal 

anode reforming process to take place, Additionally, the high temperatures also allow for 

rapid electrocatalysis of hydrocarbon oxidation with the use of non-precious metals, which 

has effectively increased the overall electrical efficiency of the system.8 Therefore, the 

SOFC in the study can be a potential solution for the current low efficiency fossil thermal 
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power generation system. In addition, companies like Bloom Energy in the U.S., California, 

has already investigated the applications, such as the Bloom's Energy Server® to bring the 

fuel cell technology into real life. The Bloom's Energy Server® is a new class of power 

generator based on SOFC technology that can generate about 200kW of power per unit 

server “in roughly the footprint of a standard parking space.” 9 

 

Unfortunately, the current technology for SOFC is still not mature enough for large scale 

applications. Limitations are mainly caused by the complex fabrication processes for 

electrode materials, reduced cell lifetime due to the high operating temperature and the use 

of expensive ceramics and metals for the cell.6 More investigations are still need to be done 

based on these challenges for the industrialization process of SOFC in the future.  

1.3 Thesis Objectives and Contents 

The objective of this thesis is to (a) investigate a promising electrode material that has 

excellent stability under various fuel gas atmosphere at a high operating temperature and 

good electrochemical catalytic activity for the conversion process of SOFC, (b) to 

understand the cell performance and the mechanism of degradation of the cell during 

operation.  

 

Chapter 2 describes the main principles behind the performance of SOFC and summarizes 

the proper anode materials based on the different properties required from the operating 

principle. The experiment methodology, including the synthesis of materials, the detailed 

experimental procedure, fuel cell set-up, electrochemical tests and characterization 

methods are described in Chapter 3. Chapter 4 is mainly focused on the characterization 

results and electrochemical performance and discussion. Conclusions and future work are 

presented in Chapter 5. 
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Chapter 2 Literature Review 

2.1 Thermodynamics of SOFC  

The electrochemical reaction that occurs in SOFC can be represented through the 

fundamental rules of thermodynamics in terms of power output and maximum voltage. The 

maximum electrical work (W) can be performed by the negative value of the change in 

Gibbs free energy (ΔG): 

𝑊 = −∆𝐺 (3) 

where the reversible voltage can be shown as: 

E =
𝑊

𝑛𝐹
=

−∆𝐺

𝑛𝐹
 (4) 

where E is the reversible voltage, n is the mole of electrons transferring during the reaction, 

and F is Faraday’s constant. 

 

The SOFC reaction with H2 gas as fuel is: 

1

2
𝑂2 + 𝐻2 = 𝐻2𝑂 (5) 

The reversible voltage can be calculated by Nernst Equation: 

 

𝐸 =
−∆𝐺

2𝐹
= 𝐸0 −

𝑅𝑇

2𝐹
𝑙𝑛

𝑝𝐻2𝑂

𝑝𝐻2  (𝑝𝑂2)
1
2

 (6) 

 

where E0 is the standard reversible voltage, R is the universal gas constant, pH2O, pH2, and 

pO2 are the partial pressures of the steam, hydrogen and oxygen, respectively. 

2.2 Cells Performance and Polarizations 

The performance of an SOFC is often described by its voltage-current (j-V) relationship, 

as shown in Fig. 2.1.10 Compared to the ideal thermodynamic cell voltage the real voltage 
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produced by SOFC is decreased substantially by several unavoidable losses. The measured 

open circuit voltage (OCV) of the cell is lower than the theoretical reversible voltage due 

to the internal electrical short circuiting from the small electronic conductivity of the 

electrolyte, and the leakage of fuel gases. Activation polarization (𝜂𝑎𝑐𝑡) occurs at lower 

current density range that is mainly due to the loss in the electrochemical reaction. Ohmic 

loss (𝜂𝑜ℎ𝑚𝑖𝑐) determines the performance at the midrange current density region which 

depends on the ionic and electronic conductivity of the cell. In addition, in the high current 

region, concentration polarization (𝜂𝑐𝑜𝑛𝑐) dominates and leads to a precipitous drop of the 

voltage for SOFC. 

 

 

Figure 2.1. Typical j-V performance of a SOFC. 10 

 

Therefore, the real voltage produced by the SOFC can be expressed as equation (7) as 

shown below. These losses reduce the SOFC energy utilization rate in the cell reaction 

process. Thus, to improve the cell performance, it is critical to reduce the resistance of the 

cell, and accelerate the electrochemical reaction rate and mass transport rate of reactants 

and products. Therefore, it is necessary to study the ionic and electronic conductivity, 

electrochemical catalytic activity and porosity of the cell material. 
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V = OCV − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐   (7) 

2.3 Triple Phase Boundary  

Due to the fact that the reactions for SOFC involve ions, electrons and the gas phase 

molecules that come from three different phases, the interphases of the electrode material 

and the electrolyte material with the gas phase play a significant role in the overall cell 

performance, which is described as the triple phase boundary (TPB).11  

 

Figure 2.2 shows a simple schematic diagram for the TPBs. As shown in the diagram, the 

existence of TPBs provides the pathways for the ions, electrons and gas molecules to meet 

and react, the electrochemical reaction will only occur at the TPBs. Thus, the TPBs are also 

named as the ‘active sites’ or ‘reaction sites’. As the result, with the important implications 

of the TPBs, a highly porous nano-structured electrode material is always demanded for 

the gaseous diffusion purpose and the intimate contact between the gas, electrode, and the 

electrolyte.  

 

Figure 2.2. The schematic diagram for triple phase boundaries.12 
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2.4 Electrolyte Materials 

Oxygen ion conductive electrolyte is considered as the preferable material for this research. 

The electrolyte layer has multi functions in an SOFC. The main requirements for the 

electrolyte are to separate the fuel gas and air from the fuel electrode and the oxygen 

electrode, respectively, as well as to provide enough ionic conductivity for the oxygen ion 

conducting electrolyte while preventing the conduction of the electrons from electrodes.  

 

Over last two decades, the yttria stabilized zirconia (YSZ) electrolyte has been mainly 

developed for the high temperature fuel cell operations, which has turned the material YSZ 

into one of the most popular candidates for SOFC electrolytes. Previous studies on YSZ 

has shown its extraordinary ionic conductivity and negligible electronic conductivity with 

superb stability under both of the oxidizing and reducing environments.13,14 These 

properties of YSZ make it exactly the electrolyte material people are looking for in an 

SOFC. Thus, YSZ is also selected as the electrolyte material for this research. 

 

Besides YSZ, other materials like ceria (CeO2) based materials are receiving more attention 

recently due to their higher ionic conductivity than YSZ. However, these kinds of materials 

are prone to have the electronic conductivity at the low oxygen partial pressure atmosphere, 

especially in the reducing fuel environment. Hence, this limitation constrains their 

development in practical SOFCs.14,15 

2.5 The Oxygen Electrode Materials 

The oxygen electrode is the place where the oxygen reduction in SOFC happens. Air is 

often fed to the oxygen electrode and oxygen in the air reacts on the electrode; hence 

oxygen electrode is also as known as the air electrode. For SOFC, oxygen diffuses through 
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the porous cathode electrode to the TPB that gets driven through a reduction reaction to 

become oxygen ions that transport through the electrolyte to the anode side. A satisfactory 

oxygen electrode material is expected to have high catalytic activity, sufficient electronic 

and ionic conductivities, excellent porosity for gas diffusion to the TPBs, and good 

stabilities to withstand the high operating temperature and the high oxygen partial pressure. 

 

Noble metal catalysts have been considered as suitable air electrode materials due to their 

high conductivities, especially platinum, Pt. However, due to the high cost of noble metals, 

Pt is not considered as a potential candidate for oxygen electrode in this research. Metal 

oxides with good conductivities are concerned as alternatives to Pt for the air electrode.16 

 

Perovskite-based materials have been found as the most adaptive choice for applications 

related to oxygen evolution reactions. The strontium-doped lanthanum manganite oxide 

(LSM) is a typical oxygen electrode material as a composite of LSM/YSZ. This composite 

provides reasonable catalytic activity as well as good stability and conductivity under 

different oxygen partial pressures.17 Recently, strontium doped lanthanum ferrite oxide 

with partial substitution of cobalt (LSCF) has been proposed as an alternative oxygen 

electrode for SOFC. It has demonstrated much improved electrochemical catalytic activity 

than the composite of LSM/YSZ.18 Due to the poor compatibility between the LSCF and 

YSZ, a barrier layer of gadolinium-doped ceria (GDC, also known as CGO) is often applied 

between the LSCF-YSZ interfaces to prevent further side reactions. Even though the 

interlayer sintered between the GDC and YSZ electrolyte shows a lower ionic conductivity 

than YSZ itself 19, investigations still have stated that the composite of LSCF-GDC is 

electrochemically more stable than LSM-YSZ with higher performances.20 Therefore, in 

this research, the LSCF-GDC composite is selected to be the oxygen electrode.  
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2.6 Fuel Electrode Materials 

The fuel electrode plays an important role in SOFC applications since the electrochemical 

oxidation of the fuel gas processes occur at the anode side of the SOFC. The reaction rates 

of the fuel gas are considered as the rate-determining steps for SOFC that can directly affect 

the overall conversion efficiency of the cells. Thus, fuel electrodes are usually required to 

have high catalytic activities, good conductivities, good porosity for gas diffusion 

processes, and chemical and mechanical compatibilities with electrolytes and 

interconnectors. Moreover, the fuel electrode usually gets directly contacted with various 

fuel gases that have different characteristics. Therefore, excellent chemical and mechanical 

stabilities under different fuel gas atmospheres and redox treatments are especially 

essential for the selection of fuel electrode materials.  

2.6.1 Ni-YSZ and Existing Limitations 

The noble metal Pt has been proven as a good electrode material with high conductivities, 

however, the transition metal, Ni has an even better performance than Pt as a fuel electrode 

material over 700◦C.20 Thus, a conventional design of composite Ni-YSZ cermet has been 

most investigated for the use of the SOFC fuel electrode. This composition provides 

excellent ionic conductivity through YSZ and sensational electronic conductivity and 

catalytic activity by Ni particles.21 As the Ni-YSZ gets tested under increasing amount of 

applications with various conditions, some severe limitations and problems for the Ni-YSZ 

composite have occurred . 

a. The Ni-YSZ has a strong tendency to promote carbon deposition under the fuel gas 

environment of syngas (CO&H2) and hydrocarbons for SOFC (can be detected by 

SEM).22 As expressed in Figure 2.3, Ni and YSZ particles with a size of 1 to 2 µm 

have formed large amount of cokes within their structure after only 4 hours of 
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operation at 600◦C that have blocked lots of apparent TPBs and degraded the overall 

performance. As well, the formed cokes even get dissolved into Ni particles and 

eventually destroy the Ni-YSZ structure at over 800◦C.22  

 

 

Figure 2.3. the SEM image of fresh Ni-YSZ a) Ni-YSZ after carbon deposition in 

methane (CH4) for 4 hour at 600◦C (873K) b) and 800◦C (1073K) c). 22  

 

b. For the reason of carbon deposition and oxidation of the catalytically active particle 

Ni, redox treatment for fuel electrode recovery is necessary for long-lasting 

operation. During the redox process, the deposited carbon can be oxidized into CO2 

and the NiO will be reduced as Ni to be recovered. Nevertheless, the Ni-YSZ 

composite possesses an inferior stability under redox cycling; the phase change of 

large size of Ni particles (1 to 2 µm) leads to a significant volume change of the 

microstructure during the redox process, from Ni to NiO to Ni, that will destroy the 

microstructure and eventually the cell.23 

2.6.2 Perovskite Oxide Based Material 

An alternative candidate for the fuel electrode for an SOFC is perovskite oxide. The 

perovskite oxide has an excellent thermal and mechanical stability under high temperature 

operating conditions, as well as good compatibility with the electrolyte material YSZ. Such 
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unique properties of the perovskite oxide bring it more possibilities for electrochemical 

applications.24 

 

Perovskite oxide is the metal oxide with a cubic lattice structure of ABO3 (Figure 2.4) that 

encompasses a variety of different components with very different properties.25 Generally 

speaking, the A sites are occupied by the large (lower valent) cations: alkali, alkaline earth 

or rare earth metals with 12-coordination number in the periodic table, such as La, Sr, Ca 

and Pt, while the small cations at B sites come from transition metal ions with higher valent 

with 6-coordination numbers, such as Ti, Ni, Fe and Co.25,24 As indicated in Figure 2.426 a), 

the B atom is at the center of an octahedral lattice formed by 6 oxygen atoms surrounding 

it and connected to one another; meanwhile each A atom is arranged at the site with 8 

octahedra surrounding it (Figure 2.4 b). The relation between the radii of A, B and O2- for 

the ideal cubic structure is shown as equation 8, where rA,rB and rO are the radii of A,B and 

O2- respectively.24 

 

𝑟𝐴 + 𝑟𝑜 = √2 (𝑟𝐵 + 𝑟𝑂) (8) 

 

 

Figure 2.4. Crystal structure of perovskite oxide centered at a) B site atom, b) A site 

atom.26  
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Due to the complexity of perovskite oxides that various cations can be substituted at the 

sites, various levels of distortion of the structure can be expected. The Goldschmidt's 

tolerance factor describes the stability and distortion of the crystal structure as expressed 

by equation 9. The t value equals 1 when the perovskite is in the ideal cubic structure, and 

as t decreases, the unit lattice is shifting into triclinic by increasing distortion and losing 

stability. A stable structure of perovskite oxide is expected to have a t value between 1 and 

0.89.24 Based on the different properties revealed by different combinations of A&B site 

atoms, perovskite oxides can be widely applied on different areas of SOFC. The typical 

applications of perovskite oxides are listed in Table 2.1.24 

 

  t =  
𝑟𝐴 +𝑟𝑜 

√2(𝑟𝐵+𝑟𝑜 )
 (9) 

 

Table 2.1. Typical perovskite oxide applications for solid oxide cells.24 

Component Perovskite Oxide 

Oxide Electrode La(Sr)MnO3-δ, La(Sr)CoO3-δ, Sm0.5Sr0.5CoO3-δ, La(Sr)Fe(Co)O3-δ 

Electrolyte La(Sr)Ga(Mg)O3-δ (O
2-), BaCeO3-δ (H

+), BaZrO3-δ (H
+),  

SrZrO3-δ (H
+) 

Fuel electrode La1-xSrxCr1-yMyO3-δ (M= Fe, Co, Ni), SrTiO3-δ 

Interconnector La(Ca)CrO3-δ 
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2.6.2.1 Lanthanum Chromite Perovskite Oxide  

The pure lanthanum chromite perovskite oxide, LaCrO3-δ, is a p-type pure electron 

conductor with low electronic conductivity. However, LaCrO3-δ has a tolerance factor of 

0.97, which results in superb chemical, mechanical and thermodynamic stability.24, 27 By 

doping alkaline earth (AE) elements at A site, La1–xMxCrO3-δ (M=Ca, Sr) becomes a good 

electronic conductor with enhanced ionic conductivity, which is often used as the 

interconnect of the SOFC (Table 2.1). Doping of the bivalent element Sr or Ca at the A site 

not only leads to Cr3+ to Cr4+ transition that creates more electronic holes in the valence 

band and thus improves the electronic conductivity, but also creates oxygen vacancies that 

give rise to ionic conductivity by charge compensation.28 In addition, since the Cr3+ ion has 

strong capability to maintain a six-fold oxygen ion coordination under both oxidizing or 

reducing atmospheres, the electronic conductivity of the perovskite is maintained as much 

as possible under low oxygen partial pressure condition.29,30 

 

Moreover, Ca, Sr doped LaCrO3-δ has a great potential to be a fuel/oxygen electrode as 

well. Since LaCrO3-δ has well-known good stability during high temperature operation, the 

stabilities of LaSrCrO3-δ (LSC) and LaCaCrO3-δ (LCC) under oxidizing and reducing 

environments were tested by Sfeir. 31 This study illustrates that under the oxidizing 

condition, the Ca doped LaCrO3-δ, becomes much more stable than the Sr doped one, 

whereas in a reducing atmosphere, Sr doped LaCrO3-δ successfully preserved the 

perovskite phase while Ca has highly destabilized the structure.31  

2.6.2.2 Wet Impregnation and In-situ Exsolution  

LSC is a potential fuel electrode material with good stability, mechanical properties and 

conductivities, but it suffers from the problem of low catalytic activity. To solve this 
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problem, people are considering introducing other catalytically active metal nanoparticles 

like Ni or Co to incorporate them with the existing structure of LSC by wet impregnation 

(infiltration) or chemical deposition.  

 

The wet impregnation method is a well-known technique for the preparation of 

heterogeneous catalysts as well as applications to enhance anode/cathode performance for 

SOFC.32 By infiltrating metallic catalyst solutions into the sintered porous perovskite-

based skeleton, uniformly distributed metallic nanoparticles are expected to establish in the 

electrode and lead to the improvements in TPBs, electronic conductivity and catalytic 

activities as demonstrated in Figure 2.5.33 However, the agglomeration phenomena of the 

nanoparticles have occurred during the long-term repeated sintering process after 

infiltration that has dramatically increased the particle sizes and its tendency for carbon 

deposition. Therefore, particle agglomeration has consequently decreased the amount of 

TPBs as well as the uniformity of the distribution and thus the cell stability and its overall 

performance. 

   

 

Figure 2.5. Schematic of typical wet infiltration method.33 
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Alternatively, the in-situ exsolution method has been investigated for this situation to 

achieve smaller sized, highly uniformly distributed nanoparticles on the electrode material 

with elevated carbon deposition resistance and improved electrochemical performance.34,35 

In-situ means at the original position. The main idea of in situ exsolution is to dissolve 

catalytic transition metals inside the perovskite structure (at B sites) and make it partially 

exsolve out of the lattice in a reducing atmosphere in order to form a highly uniform 

dispersed decoration of nanoparticles on the perovskite support. By comparing with the 

infiltration method in Figure 2.6, the unavoidably long cycling sintering process for 

impregnation is continuously promoting the agglomeration of nanoparticles, while in-situ 

exsolution can prevent it by only requiring one high temperature sintering for material 

fabrication from the original. Therefore, the agglomeration phenomena can be successfully 

reduced by the in-situ exsolution process. 28,36 

 

 

Figure 2.6. Schematic of a) wet impregnation process, b) in-situ exsolution. 
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In-situ exsolution suggests an extraordinary pathway for catalytic particles of Ni, Co or Fe 

to partially substitute into the B-site of the LSC lattice to turn LSC into a potential anode 

material (fuel electrode) for SOFC as listed in Table 2.1. Doping of transition metals into 

B sites of LSC imparts both electron holes and oxygen vacancies into the structure as well 

as brings their high electronic conductivity, catalytic activity and a large amount of TPBs 

to the support material. Moreover, the in-situ doped nanoparticles even have demonstrated 

a fabulous carbon deposition resistance as well as thermal and redox stability compared 

with chemical infiltration during high temperature operation.37 The lattice structure for 

chemical infiltration and in-situ exsolution is shown in Figure 2.7 that illustrates the 

exsolved particles are acting pinned into the lattice at its original position which expresses 

a promoting stability at the metal particle/oxide support interface instead of simply 

depositing the catalytic metals onto the bulk oxide. In the meantime, the morphological 

differences also affect the growing mechanism of carbon fibers by carbon deposition 

appearance as shown in Figure 2.8. Based on the study of Neagu et al38, the carbon fiber 

growth on Ni particles is following the “tip growth” mechanism for deposited nanoparticles, 

that carbons get dissolved into the Ni lattice at first, then grow up at the metal/oxide 

interfaces to uplift the Ni particles from the in original places; thus it can destroy the 

structure and deactivate the cell. Nevertheless, due to the strong interactions between the 

exsolved “socketed” Ni particles and parent oxide support, the particle uplifting and 

subsequent carbon fiber growth are prevented. As the result, carbon fibers grow in a “base 

growth” mechanism that allows Ni particles to stay attached to the substrate while carbon 

fibers grow on top of it with considerably shorter length. Therefore, the in-situ exsolved 

particles are expected to maintain higher redox stability and better carbon deposition 

resistance during operation.  
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Figure 2.7. Decoration catalyst particles M through a) chemical infiltration b) in situ 

redox exsolution.38 

 

 

Figure 2.8. Schematic of possible carbon fiber growth mechanisms.38 
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2.7 Bimetallic Nanoparticles Doping and Perovskite Non-stoichiometry  

In order to further improve the performance of doped LSC perovskite, bimetallic doping 

and perovskite non-stoichiometry, two aspects are concerned to boost carbon deposition 

resistance, in situ exsolution appearance and catalytic activity.  

 

Bimetallic doping is the idea to introduce a second metal (guest metal) to the host metal as 

a promoter to optimize the monometallic property. Metal alloys, especially Ni-alloys, were 

tested to have sufficient effects on the mitigation of inducing carbon into the structure that 

successfully suppressed formation of carbon fibers.39 High catalytic Ni is selected as the 

host metal for the LSC support, and Co is concerned as the proper guest metal due to its 

good electrochemical activity and high tolerance of coking.40 Grgicak et al.41 have studied 

the comparison of Ni-Co alloy compared to single Ni metal; the result shows that Ni-Co 

alloy can successfully decrease the exsolved particle sizes and increase the total surface 

area and TPBs. Ni-Co alloy expresses highly stable activity and promotes electrochemical 

activity under carbon containing environment over a wide range of temperature (500◦C to 

900◦C), which suggests the combination of Ni and Co can indeed prevent the deactivation 

phenomena by carbon deposition. 40,41 Different ratios of Ni/Co were tested by Takanabe 

et al.40 from 0:100 to 100:0, and the results demonstrate that the catalytic activity gradually 

increases with increased Ni content, while the coke resistance rises with the amount of Co 

content. Therefore, a proper ratio of Ni and Co needs to be considered for the tradeoff 

between reaction activity and coking resistance.  

 

Most of the in-situ exsolution studies are focusing on the stoichiometric perovskite oxide 

ABO3 with the ratio of A/B=1, which actually limits the reducible metal to exsolve out that 

also restricts the overall performance. Recent investigations have indicated the in-situ 
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exsolution of nanoparticles can be enhanced by controlling the non-stoichiometry of 

perovskite oxide.42 By adjusting the perovskite to A/B<1, more cations from B sites will 

be thermodynamically favored to exsolve out on the surface. The A, O site deficiency may 

cause an unstable perovskite oxide structure, thus creating a spontaneous tendency for B 

site exsolution to revert the perovskite to a stable, “defect free” structure. Hence, A-site 

deficiency is suggested as a new pathway to better decorate the nanoparticles on the oxide 

surface with more coverage area on the support.  
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Chapter 3 Experiment Methodology 

3.1 Synthesis of Cell Materials 

3.1.1 Sol-Gel Combustion Method  

The citrate sol-gel combustion method is the main method applied in the experiment for 

sample fabrication. Sol-gel combustion method is an improved wet chemical method to 

synthesize nanoparticles with fine homogeneity and lower sintering temperature. It has 

several advantages such as high purity, good stoichiometric control, ultra-homogeneity 

with a narrow size distribution, and relatively low processing time and temperature. 43,44  

 

The sol-gel combustion method is also a type of citric acid & ethylene diamine tetra acetic 

acid (EDTA) complexing combustion method. As demonstrated by Figure 3.1, the 

precursor powder is formed by stoichiometric amounts of metal nitrates being dissolved in 

deionized water with both citric acid and EDTA as co-chelating agents. The metal nitrate 

and citric acid molar ratio are 1.5:1 while becomes 1:1 for EDTA and metal nitrate. The pH 

value of the solution is adjusted to 7 to 8 using ammonium hydroxide for a better chelating 

result. Then the solution is stirred and heated at 80 ºC until the gel is formed. The gel is 

heated to 300 ºC rapidly and kept for 30 minutes to an hour so that an auto combustion 

process of the gel will take place to form precursor powder (as-prepared powder). The 

precursor powders then are ready to be sintered at elevated temperature to form the single 

phase of targeted perovskite oxide. 
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Figure 3.1. Material fabrication flow chart by sol-gel combustion method. 

 

3.1.2 Experimental Procedure of Electrode Fabrication 

The main fuel electrode material for this experiment was designed to be 3:1 (molar ratio) 

Ni-Co bimetallic doped A-site deficient LSC perovskites and be fabricated by in-situ 

exsolution process. Different bimetallic doping ratios and both A-site deficient and non-

deficient perovskites were fabricated and their characteristics were measured. The 

electrochemical performances of selected cells were tested and compared for SOFC 

processes. 

 

As mentioned before, the fuel electrodes were fabricated from mixing the stoichiometric 

amounts of metal nitrates: lanthanum (III) nitrate hexahydrate (La(NO3)3·6H2O), strontium 

nitrate anhydrous (Sr(NO3)2), chromium (III) nitrate nona hydrate (Cr(NO3)3· 9H2O), 

nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), and cobalt (II) nitrate hexahydrate 
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(Co(NO3)2·6H2O) by the sol-gel combustion method with critic acid monohydrate 

(C6H8O7·H2O) and ethylene diamine tetra acetic acid (EDTA) as the co-chelating agents 

and the ammonium hydroxide (NH4OH) solution was applied to balance the pH to 7~8.  

 

The solution was stirred and heated on a heating plate at 80℃ until the gel was formed. 

The gel was placed into a Thermolyne type 6000 furnace to be rapidly heated to 300℃ for 

combustion and the temperature was kept for an hour to finish the precursor powder 

formation. Then, the precursor powders were collected and milled, and placed into a MTI 

Type KSL-1700 furnace to be sintered at 1200℃ five hours to form a single phase LSC 

perovskite oxide. LSCF ((La0.60Sr0.40)0.95Co0.20Fe0.80O3-δ) from Fuel Cell Materials was 

used as the air electrode in this work. 

3.1.3 Fabrication of Solid Oxide Cells 

The electrode ink is fabricated by mixing the electrode material powders with the electrode 

glue (in alpha-terpinol mixed with 10% polyethylene glycol) using a ball milling machine 

(Figure 3.2). Then the well-mixed electrode ink will be printed on each side of the 

electrolyte pellets by a screen printer as shown in Figure 3.3. The ink printed cell will be 

sintered at elevated temperature to form a compact contact between the electrode and 

electrolyte. After sintering, Au paste is painted on both sides of the cell as the electrode 

current collectors.  
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Figure 3.2. Schematic of Milling Machine.45 

 

Figure 3.3. Image of the screen printer and ink printed cell. 

 

Electrode ink was fabricated by thoroughly mixing the electrode powder, the GDC10 

power (10% gadolinium doped) and the electrode glue at the weight ratio of 1.5:1.5:1.7 in 

the milling machine for 2 hours. The GDC buffer layers introduced at the electrode and 

electrolyte interfaces were made by mixing the GDC10 powder with the electrode glue at 

1.7:3 weight ratios. Buffer layers were painted at the two sides of the electrolyte, the 25 

mm diameter and 0.25 to 0.3mm thickness 8 mol% yttria doped YSZ substrate from Fuel 
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Cell Materials. Buffer layers were dried in an air-drying oven and sintered with the 

electrolyte at 1300℃ for 5 hours. Then fuel electrode ink was painted on one side of the 

buffer layer with the painting area of 0.965 cm2. After air drying the ink, the fuel electrode 

LSC was sintered at 1200℃ for 5 hours. The air electrode LSCF was painted last, on the 

other side of the buffer layer with the same area as the fuel electrode. Then the dried air 

electrode was sintered at 950℃ for 4 to 5 hours in the furnace to obtain good bonding 

between the electrode and electrolyte. Au paste was painted on both sides of the electrode 

as the current collector. 

3.2 Electrochemical Test Setup for SOFC 

The well fabricated cells were placed in an electrochemical test setup as shown in Figure 

3.4, to be ready for electrochemical performance tests. The fabricated cell is sealed on a 

coaxial alumina two-tube setup by a ceramic sealant (Ceramabond 552, Aremco Products) 

to separate air and fuel gas on both sides of the electrolyte. The current collectors for the 

two electrodes are connected to the electrochemical workstation (potentiostat) by 0.5 mm 

diameter silver wires with silver paste. Two volumetric flow meters are inserted into the 

system to regulate the flow rate of inlet gases, and the outlet gases flowing at the cathode 

and anode are removed from the system to carry away the generated products and thus 

allow the reaction to continue. Once the ceramic sealant is cured, the set up will be placed 

at elevated temperature on the Thermolyne tubular furnace untill it has risen to a certain 

operating temperature. The electrochemical workstation is used to measure and collect data 

and measure the produced power from SOFC operations.  
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Figure 3.4. Schematic Diagram for electrochemical performance test setup. 

 

3.3 Characterization of the Catalyst 

3.3.1 Powder X-Ray Diffraction 

The phase formation of the catalyst is analyzed by powder X-Ray diffraction (XRD) by 

using a Rigaka D/max-2500 X-ray diffractometer with a Cu Kα radiation at room 

temperature and the data are analyzed through Jade and Xpert Highscore Plus Software. 

As well as identifying the phase formation of the material, lattice parameters, lattice defects 

and grain size of nanoparticles can also be identified by the XRD test. During the test 

process, the cleavage phase of sample crystals appears to reflect the X-ray beam at a certain 

angle of incidence, θ. When the incident X-ray beam has the wavelength of λ and the 

distance between the atomic layers of the crystal is represented by variable d, the X-ray 
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wave interface of a sample is described by Bragg’s Law, equation 10, where n is an 

integer.46 

nλ = 2d sin 𝜃 (10) 

3.3.2 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy  

Scanning electron microscopy (SEM) is a powerful technique that produces images of the 

sample surface morphology by electron scanning. During the operation process, while a 

focused beam of electrons is scanning the surface, electrons will interact with sample atoms 

and produce various signals such as secondary electrons (SE) and backscattered electrons 

(BE) that contain the information about the surface image and compositions of the 

sample.47 Gold or carbon coatings are usually required to be applied onto the sample 

surface to produce extra conductivity to the sample. Some SEM equipment also contains 

an energy dispersive X-ray spectroscopy (EDS) system to use x-ray fluorescence to specify 

the elemental compositions as well as detailed component concentrations. In this research, 

the microstructure and morphology of catalysts, cross section and surface images of cells 

as well as the material composition by EDS analysis are obtained at room temperature by 

Zeiss Sigma 300VP-FESEM equipment.  

3.3.3 Thermogravimetric Analysis and Mass Spectrometry  

Thermogravimetric analysis (TGA) is a method of thermal analysis that can measure the 

changes in chemical and physical properties of the sample as a function of temperature and 

as a function of time. The sample’s heat change and/or weight loss during the process are 

measured with a constant heating rate or constant operating temperature; thus it reveals the 

change in chemical phenomena of the sample including decomposition, dehydration, 

reduction and oxidation processes. The inlet pipe of the mass spectrometer (MS) is usually 



 

30 

 

connected with the gas outlet flow of the TGA to analyze the change of gas composition 

during the TGA operation as a function of time/temperature. MS provides an 

electromagnetic field inside that can characterize different mass and charge properties of 

ionized sample particles inside in order to identify the sample chemical compositions. In 

this research, TGA, SDT Q600 (TA instrument), is mainly applied for the metal 

nanoparticle exsolution and oxygen nonstoichiometric analysis as well as the temperature 

program oxidation (TPO) process with the MS measurement, thermostat QMS 200, at a 

heating rate of 10 ºC min-1 from room temperature to 900 ºC. 

3.3.4 Gas Chromatography 

Gas chromatography (GC) is one of the most widely used techniques for analyzing the gas 

components without decomposition. The GC carrier gas, usually an inert gas, is the mobile 

phase and the immobilized polymeric liquid is usually applied as the stationary phase in 

the equipment. The carrier gas needs to be subsequently supplied from the inlet stream that 

continuously flows through the whole column and into the component detector. The sample 

gas is injected into the injection port and gets carried into the column by a carrier gas, and 

gets separated inside the column based on different solubility and relative vapor pressures 

of the components in the stationary and mobile phases. As the analytes pass into a detector 

with a carrier gas, their different physicochemical properties are detected and generated as 

electronic signals to measure the specified amount of different components present.48 GC 

has a wide range of operating temperature from 5◦C to 400◦C, wide range of component 

detection and a good repeatability of the measurement. In this research, GC is mainly 

applied for the hydrogen-temperature program reduction (H2-TPR) analysis using a 

Hewlett Packard 5890 Series Ⅱ gas chromatograph. 
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3.4 Electrochemical Measurements 

The electrochemical performance test of this research is investigated by using the 

electrochemical workstation of a Solartron 1287 potentiostat and a Solartron 1255 

frequency response analyzer. 

3.4.1 Electrochemical Impedance Spectra 

Electrochemical impedance spectroscopy (EIS) is a technique that determines the energy 

storage and dissipation properties over a range of frequencies by measuring the impedance, 

which refers to the frequency dependent resistance to current flow of a circuit element. 

Impedance spectroscopy will impose a potential perturbation on the testing cell and then 

measure and collect the current output. Therefore, the impedance is described by the 

following equation (11), where 𝑍𝜔 , 𝐸𝜔  and 𝐼𝜔  are the frequency dependent resistance 

(impedance), frequency dependent potential and frequency dependent current, 

respectively.49 

 

𝑍𝜔 = 𝐸𝜔/𝐼𝜔 (11) 

 

For solid oxide cells, the EIS process is essential for cell performance detailed analysis. It 

provides a significant pathway to distinguish the cell performance consequences from 

different losses and polarization processes. Figure 3.5 is a typical EIS diagram, Nyquist 

plot which is usually used for SOFC analysis. The x-axis and y-axis indicate the values of 

real impedance and imaginary impedance, respectively, and the frequency value decreases 

with increasing x-axis value. In general, three types of losses that contribute to the arcs 

appear in the diagram as the overpotential of the cell at a given current density. The first 

one is the ohmic losses, shown as the curve’s first intercept with the x-axis, which is mainly 

contributed by the resistance of electrolyte material; resistances of electrode materials and 

interconnects also make minor effects. The activation polarization losses are caused by the 
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operating activities of the two electrode materials, which is expressed by the two large arcs 

at the high to middle range of the frequency. In the low-frequency range, the linear line is 

expressing the resistance domains due to mass transfer effects due to the diffusion 

difficulty.50 A frequency range of 106 Hz to 1 Hz is applied in this experiment impedance 

spectra measurement with required AC perturbation. 

 

 

Figure 3.5 Schematic of a typical Nyquist plot for EIS analysis for SOFC.50 

 

3.4.2 Current Density-Voltage Curves 

The voltage (V) versus current density (j) curve is used to analyze the electrochemical 

performance of the cell by plotting the change in voltage-current relationship during the 

operation process, which is also called as the j-V curve. For SOFCs measurement, the j-V 

curve is usually measured at the potential dynamic mode whereby the workstation will 

control the various voltage values in the system and record the corresponding current 

density values. For SOFC tests, the voltage will vary within the range from OCV to zero 

at 5 millivolts per second (mVs-1) or 10 mVs-1 rates. After collecting the current density 

data with corresponding voltage values, the produced power density (P) from the SOFC 

will be acquired by multiplying voltage and current density values as shown in equation 
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12. For a standard j-V curve, the current density (mA/cm2) is the x-axis and the voltage 

output (V) and power density (mW/cm2) are the two y-axes on the diagram. In this 

experiment, the potential static mode is also applied for SOFC tests, that makes the cell 

operate under a constant voltage value and deducts the current stability performance as a 

function of time. Therefore, the stability test diagram will have the current density value 

on the y-axis and time will be the x-axis. 

 

𝑃 = 𝑉𝑗  (12) 
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Chapter 4 Results and Discussion 

4.1 Analyses of Fuel Electrode Materials  

The strontium doped lanthanum chromite based perovskite oxide was designed to be 30 

mol% Sr doped at the A-site with 10 mol% La A-site deficiency and bimetallic B-site 

doping was designed to starts from 15 mol% based on the previous experiment results from 

our group. Thus, the first step of experimental designation for bimetallic doping ratios is 

shown in Table 4.1.  

 

Table 4.1. Designation of Bimetallic Doping Ratio Experiment. 

Abbreviation Composition 

LSC-6315NiCo (La0.6Sr0.3)(Cr0.85NiCo(3:1)0.15)O3-δ 

LSC-6312NiCo (La0.6Sr0.3)(Cr0.88NiCo(3:1)0.12)O3-δ 

LSC-6309NiCo (La0.6Sr0.3)(Cr0.91NiCo(3:1)0.09)O3-δ 

LSC-6306NiCo (La0.6Sr0.3)(Cr0.94NiCo(3:1)0.06)O3-δ 

LSC-6303NiCo (La0.6Sr0.3)(Cr0.97NiCo(3:1)0.03)O3-δ 

 

In order to successfully accomplish the in-situ exsolution process of doped active 

nanoparticles, the formation of the single phase (pure phase) LSC perovskite oxide 

structure after sintering is necessary. The phase structures of the synthesized materials were 

characterized by XRD with Cu Kα radiation scanned from 20º to 80º (2θ) at 2º per minute. 

The XRD patterns of freshly fabricated materials (Table 4.1) are shown in Figure 4.1.  
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Figure 4.1. Crystalline structures of LSC based perovskite with different bimetallic 

doping ratios: LSC-6315NiCo LSC-6312NiCo LSC-6309NiCo LSC-6306NiCo LSC-

6303NiCo.  
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The 9 starred (*) peaks around 2θ equals to 23º, 32º, 40º, 47º, 53º, 58º, 68º, 73º and 78º 

marked in the diagram are the peaks matches with the main LSC structure, which exhibits 

a perovskite structure with orthorhombic phase unit cells. As revealed in the figure, LSC-

6309NiCo, LSC-6306NiCo, and LSC-6303NiCo have shown the single-phase perovskite 

oxide in the XRD diagram, which means the B-site doping of the A-site deficient LSC base 

does not have any influence on the crystalline structure of the perovskite oxide. However, 

the diffraction peaks at around 2θ equal to 37º, 43º and 63º, the dot (·) marked peaks, were 

detected for both LSC-6315NiCo and LSC-6312NiCo perovskite oxides. These peaks are 

the main peaks for the nickel oxide (NiO) phase (reference code 01-089-7131); thus the 

appearance of these peaks represents the formation of NiO phase in the sample materials. 

The formation of NiO indicated the doping saturation of pure phase LSC perovskites with 

15 mol% and 12 mol% of bi-metal doping into B-site positions of LSC base. As the result, 

in this experiment, the limitation of B-site doping ratio for A-site deficient LSC perovskite 

oxide is determined as up to 9 mol%. The change of tolerance factor t is a possible reason 

that affects the transition metals’ doping limitations. The B-site doped Ni and Co increase 

the B-site ionic radius that decreases the tolerance factor t and decreases the structure 

stability.  

 

Based on the maximum doping limitation obtained from Figure 4.1, different compositions 

of fuel electrodes were fabricated, which were the B-site bimetallic doped A-site deficient 

perovskite oxide, B-site monometallic doped A-site deficient perovskite oxide, and the B-

site bimetallic doped non-deficient perovskite oxide, as listed in Table 4.2. 
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Table 4.2. Designation of fuel electrode compositions. 

Abbreviation Composition 

LSC-6309NiCo (La0.6Sr0.3)(Cr0.91NiCo(3:1)0.09)O3-δ 

LSC-6309Ni (La0.6Sr0.3)(Cr0.91Ni0.09)O3-δ 

LSC-7309NiCo  (La0.7Sr0.3)(Cr0.91NiCo(3:1)0.09)O3-δ 

 

The phase structures of these materials were also characterized by XRD with Cu Kα 

radiation scanned from 20º to 80º (2θ) at 2º per minute. The XRD results are shown below 

in Figure 4.2. Figure 4.2 a) is the general XRD diagram for perovskite oxides (La0.6Sr0.3) 

(Cr0.91NiCo (3:1)0.09) O3-δ (LSC-6309NiCo), (La0.6Sr0.3) (Cr0.91Ni0.09) O3-δ (LSC-6309Ni), 

and (La0.7Sr0.3) (Cr0.91NiCo (3:1)0.09) O3-δ (LSC-7309NiCO) respectively. Figure 4.2 (b) is 

the detailed peak positions of the 32◦ main peak for LSC-6309NiCo, LSC-6309Ni and 

LSC-7309NiCo, respectively.  
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Figure 4.2. XRD diagram for perovskite oxide LSC-6309NiCo LSC-6309Ni and LSC-

7309NiCo a) the general diagram for all peaks b) detailed positions for main peaks. 
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metal-substituted in the B-site of LSC perovskite base at 9 mol% for both chemical 
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doping situations. Moreover, some minor shifts in the structure could be identified by 
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b) to represent the peak shifting tendency. Even though the perovskite structure of doped 

LSCs presented in Figure 4.2 a) are in pure orthorhombic phase unit cells, the (104) peak 

of the unit cell had been shifted due to different doping compositions. The (104) peaks for 

LSC-6309NiCo, LSC-6309Ni and LSC-7309NiCo were at 32.75◦, 32.85◦, and 32.65◦ (2θ), 

respectively. This slight shift of the peaks can be analyzed by the Bragg Law (equation 10). 

Since nλ = 2d sin 𝜃, that with the nλ unchanged, the larger value of 2𝜃 corresponds to a 

smaller value of d, which means smaller unit cell volumes. Thus, according to the Figure 

4.2 b), LSC-6309Ni should have the smallest cell volume while LSC-7309NiCo has the 

largest. The changes of cell volume sizes for LSC-6309NiCo, LSC-6309Ni and LSC-

7309NiCo can be explained from the B-site substitutions and A-site non-stoichiometry. The 

ionic radii for 6-fold coordination B-site Cr3+, Ni2+ and Co2+are 0.615Å, 0.69Å and 0.745Å 

respectively.51 Thus the bimetallic Ni-Co doping has increased the unit cell volume 

compared to single Ni doping. Also, the decrease of the unit cell volume of LSC-6309NiCo 

compared with LSC-7309NiCo is mainly caused by the A-site cation non-stoichiometry, 

which is in agreement with the literature results of A. V. Kovalevsky et al.52 

4.2 In-situ Exsolution Analysis 

With the doping of Ni-Co metal at the B-site of LSC, the in-situ exsolution phenomena are 

expected to occur during the reduction process by H2. The in-situ exsolved nano metal 

particles are the key points for improving the LSC electrochemical catalytic activity. With 

in-situ exsolution, the metallic particles are expected to be small in size (nanoscale) and 

uniformly decorated on the surface of the LSC base with metal phases. The mechanism of 

the exsolution of metal particles can be partially explained by the Gibbs free energy. The 

values of Gibbs free energy of the reduction reaction of each cation were calculated using 

HSC 6.0 software. Figure 4.3 depicts theoretical Gibbs free energies for different metal 

oxides that are involved in this experiment. Only Co3O4 and NiO shall be the reducible 
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element under the high temperature from 600℃ to 900℃ since only Co3O4 and NiO have 

contained negative Gibbs free energies. At 800℃, Co3O4 has a -256.91kJ Gibbs free energy 

and NiO has -46.646kJ, while all other elements have kept positive values. In addition, 

based on the value of Gibbs free energy, Co3O4 shall has a higher reducibility than NiO. 

 

Figure 4.3. The theoretical value of Gibbs free energy for reduction of each element 

oxide in LSC-6309NiCo perovskite at 600 ◦C to 800 ◦C. 

 

The exsolved Ni and Co metallic particles are expected to form a solid solution as Ni-Co 

alloy phase during the reduction process. Theoretically, it is known that Co and Ni are 
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diagram, the Ni-Co alloy could be formed at any composition at the experimental 

temperature of 850℃. Thus, it is tentatively suggested that the formation of Ni-Co alloy 

during the exsolution process in this experiment is favorable. 

 

 

Figure 4.4. Ni-Co alloy phase diagram.54 

 

4.2.1 XRD Results Analysis 

After successfully fabricating the bimetallic doping perovskite oxide electrodes, these 

electrodes were placed into the MTI-type GSL 1100X tube furnace to be reduced at 800℃ 

for 3 hours with 5%H2/N2 reducing atmosphere. The doped nano metal particles should be 

in-situ exsolved out of the bulk LSC and get uniformly dispersed on the surface. In this 

experiment, characterization of the in-situ exsolved nanoparticles were examined by XRD, 

TPR TGA and SEM analysis. 
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The XRD diagram for reduced LSC-6309NiCo, LSC-6309Ni and LSC-7309NiCo, and 

their detailed exsolution peak positions are illustrated in Figure 4.5 a), b) and c). All of 

LSC-6309NiCo LSC-6309Ni and LSC-7309NiCo have successfully maintained the main 

LSC structure after the high temperature reduction process as indicated by star marked 

peaks in the diagram. The diffraction peak at 2θ equals to 44.6◦ has been detected for LSC-

6309Ni. This peak agrees with the theoretical XRD position for pure metal Ni at 2θ equals 

44.605 (reference number 01-070-0989), which confirms the metallic nanoparticles in-situ 

exsolution process. In addition, a clear diffraction peak at 2θ equals to ~44.5◦ has been 

detected for both R-LSC-6309NiCo and R-LSC-7309NiCo perovskites in Figure 4.5 b) & 

c). These peaks are believed to be the in-situ exsolved Ni-Co alloy phase from the 

perovskite because this position is exactly in between the main peaks of metallic Ni and 

Co, which are at 2θ equals 44.605◦ and 43.801◦, respectively, with 100% intensity. By 

overlapping the diffraction peaks for LSC-6309NiCo, LSC-6309Ni and LSC-7309NiCo in 

Figure 4.5 c), the peak shifting tendency from Ni to Ni-Co alloy is clearly exhibited. The 

exsolution peak for chemically stoichiometric LSC-7309NiCo in Figure 4.5 c) is not 

distinct enough due to the lack of exsolution from A-site deficiency. The diffraction peak 

for LSC-6309NiCo has clearly shifted toward the left compared with the one for LSC-

6309Ni in Figure 4.5 c), which are at 44.5◦ and 44.6◦ (2θ) respectively. As mentioned before, 

this bias is likely caused by the existence of the Ni-Co alloy phase instead of pure metal Ni 

phase exsolved from the perovskite structure during the exsolution process.  
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Figure 4.5. a) XRD diagram for reduced LSC-6309NiCo LSC-6309Ni LSC-7309NiCo 

b) specified diagram for exsolution peaks c) overlapping of exsolution peaks. 
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through XRD, which might be caused by the low doping amount of Ni and Co into the 

structure.   

 

 

 

Figure 4.6. a) XRD diagram for reduced LSC-6309NiCo LSC-6306NiCo LSC-

6303NiCo b) specified diagram for Ni-Co alloy peaks. 
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4.2.2 TPR Results Analysis 

To investigate the reducibility of this series of bimetallic doped A-site deficient LSC 

perovskite oxides and the synergistic effect between Co and Ni, hydrogen temperature 

programmed reduction (H2-TPR) tests were carried out, and the corresponding results are 

plotted in Figure 4.7. This technology was achieved by an AutoChem II 2920 instrument 

(Micromeritics, USA) equipped with a thermal conductivity detector. All samples were 

treated with helium at 1000 °C for 30 min before H2-TPR. The flow rate for this analysis 

was 10% H2/Ar at 10 mL per minute, and the temperature ramping rate was 10 °C per 

minute.  

 

 

Figure 4.7. H2-TPR curves of the fresh LSC, LSC-6309NiCo, LSC-6309Ni, and LSC-

7309NiCo. 
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There is no obvious peak that occurred in the pattern of LSC perovskite oxide as denoted 

in Figure 4.7. This result indicates that La0.7Sr0.3CrO3-δ might not have exsolved 

nanoparticles in a reducing atmosphere with increasing temperature. This result is 

consistent with the Gibbs free energy diagram as mentioned before. Doping of active 

metals Ni and Co has made a great improvement on LSC’s reducibility. Clear H2 

consumption peaks are observed for both LSC-6309NiCo and LSC-6309Ni (Figure 4.7) 

compositions, which show multiple peaks of different Ni/Co states. The curve of LSC-

6309Ni has two clear H2 consumption peaks at ∼470 °C and 530 °C. Based on previous 

studies55,56, the first peak (α peak) of LSC-6309Ni indicates the reduction of Ni ions from 

Ni3+ to Ni2+ (around 500°C) , while the second peak (β peak) represents the reduction from 

Ni2+ to metallic Ni0 (before 600°C). The Ni2+ to Ni0 transformation consumes the highest 

amount of hydrogen that can be confirmed from the intensity of the β peak. LSC-6309Ni 

had a third small peak at around 570°C, which is considered to be the LSC structure H2 

consumption peak. The Co doping effect on reducibility is analyzed based on the different 

peak shapes between LSC-6309NiCo and LSC-6309Ni. The LSC-6309NiCo material has 

a similar shape of α peak at ∼470°C, but with a much lower β peak at 510°C. This 

phenomenon indicates that the formation of the Ni–Co solutions significantly changes the 

reduction behavior of Ni oxide. A previous study indicated that the main H2-TPR peak for 

Co3O4 occurs at 433°C, which just overlapped with α peak of Ni.57 That can also explain 

the wider range of α peak in LSC-6309NiCo than LSC-6309Ni. The β peak for LSC-

6309NiCo has moved to a lower temperature and got partially merged with the α peak. 

With the help of XRD results for metal exsolution of reduced samples, the exsolution 

process of Ni-Co alloy can be inferred as having similar reducibility with Ni metal but 

requires a lower temperature. The LSC-7309NiCo has α peak at around 500°C, and a really 

weak β peak before 600°C. This result means that the exsolution process of LSC-7309NiCo 
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requires higher energy than LSC-6309NiCo for both Ni3+ to Ni2+ and Ni2+ to Ni0 

transformations. In addition, the weak β peak in the LSC-7309NiCo curve has verified the 

small number of nanoparticles exsolved out of the surface, which fits the result indicated 

by XRD in Figure 4.5. In conclusion, this TPR result clearly indicates that the addition of 

the second metal Co can significantly manipulate the reduction behavior of Ni 

nanoparticles. Also, the existence of A-site deficiency could facilitate the reduction of Ni2+ 

to metallic Ni to generate more Ni-Co nanoparticles. 

 

The results of H2-TPR for LSC-6306NiCo and LSC-6303NiCo are plotted in Figure 4.8; 

LSC and LSC-6309NiCo curves are provided for comparison purposes. LSC-6306NiCo 

TPR curve is observed to have almost the same pattern as the LSC-6309NiCo curve that 

the α peak is merged with the β peak at a temperature of 470°C and 510°C, respectively. 

LSC-6303NiCo has a strong α peak at 470°C but no clear β peak at a higher temperature. 

This result indicates that most of the hydrogen-consuming process for LSC-6303NiCo is 

about the Ni3+ to Ni2+ transformation but not too much for metallic phase formation. This 

is due to the small bimetallic doping amount for LSC-6303NiCo, and the low exsolution 

amount agrees with the XRD peaks of reduced LSC-6309NiCo in Figure 4.6.   
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Figure 4.8. H2-TPR curves of the fresh LSC, LSC-6309NiCo, LSC-6306NiCo, and 

LSC-6303NiCo. 
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depicted in Figure 4.9 a). Figure 4.9 b) contains the TGA curves for LSC-6309NiCo, LSC-

6309Ni, and LSC-7309NiCo.  

  

 

Figure 4.9. TGA diagram in 5%H2/N2 for a) LSC 6303NiCo, LSC-6306NiCo, and 

LSC-6309NiCo b) LSC-6309NiCo, LSC-6309Ni, and LSC-7309NiCo. 
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All the curves in Figure 4.9 a), LSC-6309NiCo, LSC-6306NiCo, and LSC-6303NiCo have 

shown three stages of change in the TGA diagram. The first stage is from 100°C to 380°C 

that all curves have gradual decreasing tendencies, which could be understood as the loss 

of adsorbed water.60 When the temperature goes higher than 380°C, all curves become 

sharp and keep dropping at their largest slope until around 500°C was reached. The TGA 

curves for tested materials have shown slightly different ending temperatures for the second 

stage. LSC-6303NiCo has an ending temperature at 520°C, while both LSC-6309NiCo and 

LSC-6306NiCo are around 480°C. The third stage of the curves is from 500°C to 850°C 

until the end of the test. All three curves have shown good amounts of weight losses but 

with flatter tendency or smaller slope than the second stage. Overall, the total weight losses 

for LSC-6303NiCo, LSC-6306NiCo, and LSC-6309NiCo are 1.72%, 1.84%, and 2.22%, 

respectively. The weight loss values for LSC-6303NiCo, LSC-6306NiCo and LSC-

6309NiCo have indicated that the amount of in-situ exsolved nanoparticles, as well as the 

number of oxygen vacancies, are increasing with an increased amount of doped 

catalytically active metals.  

 

Figure 4.9 (b) shows the comparison of TGA curves for LSC-6309NiCo, LSC-6309Ni, and 

LSC-7309NiCo, and the weight losses for them are 2.22%, 2.27%, and 1.86%, respectively. 

All three curves have similar three stages of weight losses at 100°C to around 400°C, from 

400°C to around 600°C, and from 600°C to 850°C. The starting and ending temperatures 

of each material are slightly different due to the different material compositions. LSC-

6309NiCo had a similar weight loss with LSC-6309Ni, but LSC-6309NiCo has an obvious 

lower starting temperature and a larger amount of weight loss in stage two and the first half 

of stage three. Stage two and three are the main steps to introduce oxygen vacancies into 

the structure, where LSC-6309NiCo started at 380°C and 510°C, and LSC-6309Ni was at 

420°C and 580°C. At the last part of stage three, at around 600°C the LSC-6309Ni has 
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increased its weight loss and resulted in a similar amount with LSC-6309NiCo. This result 

indicates that A-site deficient material, both from monometallic doping and bimetallic 

doping, shall have introduced a similar amount of oxygen vacancies into the structure, but 

bimetallic doped perovskite requires less energy for the exsolution process. LSC-

7309NiCo has a smaller amount of weight loss than both LSC-6309NiCo and LSC-6309Ni, 

and the starting temperature for stage two and three are around 420°C and 580°C, which 

are higher than LSC-6309NiCo and can be concluded as the effects from the lack of A-site 

deficiency. By comparing the result of these TGA curves, It can be inferred that the 

formation of A-site deficiency and bimetallic doping of Ni & Co can facilitate the formation 

of oxygen vacancies into the structure, thereby improving ionic conductivity and catalytic 

activity.  

4.2.4 SEM Result Analysis. 

The previous discussion has revealed the effects of an A-site deficiency on perovskite 

exsolution, in that the existence of A-site deficiency in a perovskite can successfully 

facilitate the in-situ exsolution of metallic particles and the introduction of oxygen 

vacancies. Based on the XRD and TPR results, LSC-6309NiCo and LSC-6309Ni are 

inferred to have in-situ excluded a fair amount of metal particles. The identification process 

for the metal particles’ exsolution is further analyzed by SEM microstructure images. The 

SEM images of the fresh LSC-6309NiCo and LSC-6309Ni are provided to compare with 

the reduced LSC-6309NiCo, and LSC-6309Ni samples. Both reduced samples have been 

pre-treated in 5% H2–N2 at 800 °C for 4 hours. 

 

Figure 4.10 is the SEM image for microstructures of the fresh LSC-6309NiCo powder 

sample. Figure 4.11 (a) is the bulk image of reduced LSC-6309NiCo sample and Figure 

4.11 (b) is a closer look on the exsolved nanoparticles with higher magnification. Clearly, 
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no exsolution of metallic nanoparticles could be found on the surface of the fresh sample. 

Compared with Figure 4.10, numerous amounts of exsolved nanoparticles are observed 

from Figure 4.11 (a) and (b). These exsolved particles are uniformly dispersed on the 

surface of the bulk with a diameter of around 50 nm to 70 nm, which conform to 

expectations. Figure 4.11 c) and d) are the point scanning results for reduced LSC-

6309NiCo. The bulk phase in Figure 4.11 c) was marked as point (1), and the exsolved 

particle was marked as point (2). Figure 4.11 d) is the diagram showing the peaks for 

detected elements. In the diagram La is detected at 0.5, 4.7, 5.1 and 5.9 keV, Sr is at 1.8 

keV and Cr is at 0.25 and 5.4 keV for both the bulk and exsolved particle. Moreover, 

distinct Co and Ni peaks are detected at point (2) at 7 and 7.5 keV respectively, while the 

peaks for point (1) are weak at these positions. This result has verified the exsolution 

particles from LSC-6309NiCo to the surface of the LSC base under reduction are indeed 

Ni-Co alloy. 

 

 

Figure 4.10. SEM image for fresh LSC-6309NiCo microstructure. 
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Figure 4.11. SEM images for reduced LSC-6309NiCo microstructures a) the bulk b) 

the bulk with higher magnification c) & d) are the SEM image and correlated point 

scanning results. 
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Figure 4.12 shows the SEM image for fresh LSC-6309Ni powder sample’s microstructure. 

As for the fresh LSC-6309NiCo’s SEM image, no clear exsolved nanoparticles are found 

on the fresh LSC-6309Ni sample’s surface. In contract, reduced LSC-6309Ni has shown a 

large amount of exsolved nanoparticles in Figure 4.13 a) & b). These exsolved 

nanoparticles are well decorated on the surface of the bulk material with a diameter of 50 

nm to 70 nm, which is similar to the size of exsolved Ni-Co alloy shown in Figure 4.11. 

Figure 4.13 c) & d) are the SEM image with its correlated point scanning results. The bulk 

base in Figure 4.13 c) was selected as point (1) and one exsolved particle in the figure was 

marked as point (2). The detected elements for points (1) and (2) are expressed by Figure 

4.13 (d). The La element is detected at 0.5, 4.7, 5.1 and 5.9 keV, Sr is at 1.8 keV and Cr is 

at 0.25 and 5.4 keV for both points (1) and (2) for LSC-6309Ni, which are at exactly the 

same positions as the LSC-6309NiCo. A small peak of Ni element is detected at 0.8 keV 

for point (1), which might indicate the existence of Ni in the bulk. Strong peaks of Ni 

element are detected at both 0.8 and 7.5 keV that indicates the formation of exsolved Ni 

particles.  
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Figure 4.12. SEM image of fresh LSC-6309Ni microstructure. 
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Figure 4.13. SEM images for reduced LSC-6309Ni microstructures a) the bulk b) the 

bulk with higher magnification c) & d) are the SEM image and correlated point 

scanning results. 

4.3 Electrochemical Performances of the Cell 

Previous studies have concluded the importance of in-situ exsolution for electrochemical 

performance. In-situ exsolution of metal nanoparticles, especially Ni particles has led to 

high electronic conductivity and high catalytic activity, which successfully promotes the 

electrochemical performance.58,36 Both LSC-6309NiCo and LSC-6309Ni have 

demonstrated the largest amount of exsolution from XRD, TPR and TGA results. Therefore, 
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electrochemical performance measured in both H2 and syngas environment. For 

comparison, the performance of LSC-6309Ni was also measured, in order to identify the 

0 1 2 3 4 5 6 7 8

Ni

Ni

CrSr

LaLa

La

Cr

La

Point (2)

Point (1)

In
te

n
s
it
y
 (

a
.u

.)

Energy (keV)

d)



 

60 

 

functional effects of bimetallic doping and monometallic doping for electrochemical 

performances. For further investigation, the fabricated material was also applied as a 

cathode electrode for CO2 reduction in a solid oxide electrolysis cell (SOEC), which is the 

reverse mode of SOFC. 

 

The SEM image of the cross-section microstructure for the tested cell is shown in Figure 

4.14. As revealed by the figure, the dense YSZ was placed in the middle as the electrolyte 

with a thickness of 300 µm, and the LSCF perovskite oxide was used as the air electrode 

for all the tested cells. Two 15 µm GDC buffer layers were introduced between the 

electrode and the electrolyte. The approximately 30µm fuel and air electrode layers were 

applied above the GDC layers. The current collector layers by Au paste were painted on 

the electrodes. 

 

 

Figure 4.14. SEM image of the cross-section area of the cell. 
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4.3.1 Electrochemical Performance: j-V Curves. 

4.3.1.1 j-V Curves for Anode Functional Test in Pure H2 and Syngas.   

Figure 4.15 is the j-V curve for LSC-6309NiCo and LSC-6309Ni (anode) cells at 850°C in 

pure H2 gas. The tested cells were reduced with 5% H2/N2 gas for two hours before testing. 

In H2 gas, the OCV values for LSC-6309NiCo and LSC-6309Ni cells were similar, which 

were 1.15V and 1.13V respectively. The high values of OCV observed indicated no gas 

leakage was present in the electrolyte. Figure 4.15, the j-V diagram has revealed the 

maximum power produced by LSC-6309NiCo cell as 329 mW/cm2 with a current density 

of 599 mA/cm2, while the LSC-6309Ni cell has a maximum power output of 237 mW/cm2 

with a current density of 441 mA/cm2. This result denotes that the bimetallic doping of Ni-

Co alloy to the LSC base can significantly improve electrochemical performance for 

monometallic Ni doped LSC for H2 oxidation reactions.  

 

Figure 4.15. j-V curves of LSC-6309NiCo and LSC-6309Ni at 850°C in pure H2 gas. 
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A possible reason for promoting electrochemical performance of the bimetallic doped cell 

in pure H2 might be the synergistic reactions of the Ni-Co alloy. Ding et. al61 have studied 

the different electrical properties of Ni-Co alloy and Ni and Co doped LSC cells, and 

concluded that Ni-Co alloy doped cell has shown the highest electronic conductivity 

compared to others. The higher electronic conductivity of Ni-Co alloy doped cell can be 

postulated as due to the interactions between Ni and Co ions that provide more electron 

holes into the system.61 Moreover, the SEM images of LSC-6309NiCo and LSC-6309Ni 

from Figure 4.11a) and Figure 4.12 a) have shown a larger amount of exsolved 

nanoparticles of Ni-Co alloy than Ni, which brings an increased number of TPBs and active 

sites to the cell that promotes the overall performance. In addition, Ni-Co alloy has been 

investigated to have a larger pre-exponential term in the Arrhenius equation (Equation 19) 

than Ni at 800 °C that may suggest a higher electrochemical reaction rate of the Ni-Co cell 

than the Ni doped cell for electrochemical conversions.62 

𝑘 = 𝐴𝑒
−𝐸𝑎

(𝑅𝑇)⁄
 (19) 

 

The electrochemical performance for LSC-6309NiCo and LSC-6309Ni cells in syngas 

with 60% CO and 40% H2 were examined, and the electrochemical performance results 

were plotted. Theoretically, the OCV values and power densities observed in syngas should 

be closer to these values in pure H2 gas with the higher the amount of H2 in syngas, at the 

same operating temperature.63  

 

Figure 4.16 illustrates the electrochemical performance diagram for LSC-6309NiCo and 

LSC-6309Ni cells in syngas at 850°C. The OCV values of 1.11V and 1.14V are determined 

as expected for LSC-6309NiCo and LSC-6309Ni, respectively, in syngas. LSC-6309NiCo 

cell has produced about 258 mW/cm2 as the maximum power density and 455mA/cm2 as 

the current density in syngas while the LSC-6309Ni cell has a maximum power density of 
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170 mW/cm2 and with current density of 307mA/cm2. These results demonstrate that the 

Ni-Co alloy doped LSC cell has maintained the promoted catalytic activity for syngas 

oxidation. However, the maximum output of power density in syngas is still lower than the 

maximum power density in H2 gas for both cells. This can be explained by the smaller 

amount of H2 contained in syngas compared to the pure H2 gas, and the cells might have 

weaker catalytic activity for the oxidation of CO that pulls down the overall amount of 

power output.  

 

Figure 4.16. j-V curves of LSC-6309NiCo and LSC-6309Ni at 850°C in syngas. 
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for 24 hours. The XRD results are shown in the Figure 4.17. Both LSC-6309NiCo and 

LSC-6309Ni have maintained the perovskite oxide phase of LSC after treatment, which 

indicates that the base structures of both materials have not been destroyed in the CO2 

atmosphere. However, the diffraction peaks of NiO have been found in both materials as 

detected peaks at 37°, 43° and 63° in the XRD diagram as marked by stars (*). The 

existence of the NiO phase proves the exsolved Ni particles and Ni-Co alloy has been 

oxidized to NiO by CO2 gas.  

 

 Figure 4.17. XRD diagram of LSC-6309NiCo and LSC-6309Ni in CO2 for 24 hours. 
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Figure 4.18 has illustrated the j-V curve of the cathode functioned LSC-6309Ni and LSC-

6309NiCo cell. In Figure 4.18, the open circuit potential for both cells are around 0.84V to 

0.82V, which is close to the theoretical values for the CO&CO2 atmosphere. As depicted, 

the LSC-6309NiCo cell has current densities of 0.039 mA/cm2, 0.136mA/cm2, 

0.245mA/cm2, and 0.41mA/cm2 at applied voltages of 0.1V, 0.3V, 0.5V and 0.7V, 

respectively, while LSC-6309Ni has corresponding current densities of 0.027mA/cm2, 

0.089 mA/cm2, 0.179 mA/cm2 and 0.286 mA/cm2. The LSC-6309NiCo cell has expressed 

better performance than the LSC-6309Ni cell in 70%CO2 & 30% CO at all applied voltages, 

which demonstrates that the bimetal doped LSC cell has a better catalytic property in the 

CO2 reduction process. The current density for the LSC-6309NiCo cell stops growing when 

the voltage applied goes higher than 1.61V, and the current density stops at 1.65V for the 

LSC-6309Ni cell.  

 

Figure 4.18. j-V curves of LSC-6309NiCo and LSC-6309Ni at 850°C in CO&CO2. 
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This result demonstrates that both cells may occur large values of resistance at higher 

applied voltage that may degrade the cells; thus the optimum applied voltage for metallic 

doping LSC SOEC shall be lower than 0.75V vs. OCV. 

4.3.2 Electrochemical Performance: EIS Curves. 

Generally, the ohmic electrolyte resistance and the electrode polarization resistance mainly 

contribute to the voltage loss appearing during fuel cell operation (j-V curves). Thereby, to 

create a clear comparison and better understanding of the electrochemical performance of 

the tested cells, their correlated EIS diagrams were also measured in pure H2 gas, syngas, 

and CO&CO2 environment.  

4.3.2.1 EIS Results for Anode Functional Test in pure H2 and Syngas.   

Figure 4.19 illustrates the EIS performance of both LSC-6309NiCo and LSC-6309Ni cells 

from 106 Hz to 0.1 Hz under open circuit voltage condition with H2 gas at 850°C. The 

curves intersections with the real axis (x-axis) at high frequencies represent their ohmic 

resistance, which is mainly caused by the electrolyte material.64 LSC-6309NiCo and LSC-

6309Ni cells have shown an ohmic resistance of 0.54 Ω and 0.56 Ω, which are reasonable 

with the 300 µm thickness of the YSZ electrolyte. The difference between the two 

intersections at high frequency and low frequency with the x-axis represents the activation 

polarization resistance, which is the sum of the electrode (anode and cathode) reaction 

resistances.65 The real part of the impedance at low frequency for LSC-6309NiCo and LSC-

6309Ni are partially compared at 10Hz, 1Hz, and 0.1Hz as marked by the dashed lines in 

the figure. LSC-6309NiCo cell has shown a clear reduction of the real impedance compared 

to LSC-6309Ni at the identical frequencies. This result has demonstrated the lower 

polarization resistance of LSC-6309NiCo cell compared with the LSC-6309Ni cell. The 
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lower value of polarization resistance for the LSC-6309NiCo also clarifies its superior 

electrochemical performance with a higher value of power generation in H2 gas, which is 

consistent with the j-V curve in Figure 4.15. 

 

Figure 4.19. EIS curves of LSC-6309NiCo and LSC-6309Ni at 850°C in pure H2 gas. 
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Figure 4.20. EIS curves of LSC-6309NiCo and LSC-6309Ni at 850°C in syngas. 
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Figure 4.21. The EIS curves of LSC-6309NiCo and LSC-6309Ni at 850 °C in CO&CO2. 
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diffusion limitations. The cell produces a higher amount of product gas with higher applied 

voltage; however, if the diffusion rate of produced gas is not high enough, then the reaction 

rate will be limited by the mass transfer rate and, therefore, deactivate the cell. 

 

 

 

 

Figure 4.22. Experimental SOEC EISs at different applied voltages in the atmosphere 

of CO2/CO (70:30) (a) for LSC-6309NiCo (b) for LSC-6309Ni. 
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4.3.3 Electrochemical Performance: Stability Tests 

4.3.3.1 Stability Test in SOFC Operations 

The LSC-6309NiCo cell was selected for the stability test based on its good 

electrochemical performance in previous tests. Figure 4.23 is the 30-hour stability test 

curve of LSC-6309NiCo cell in H2 with a constant voltage of 0.85V. The cell has illustrated 

superb stability as expected. With 0.85V working voltage, about 290 mA/cm2 current 

density has been continuously recorded from the beginning to the end, and no cell 

degradation has been found. The value of current density recorded in the stability test fits 

the correlated voltage and current density values in the j-V curve in Figure 4.15. Therefore, 

the good cell performance of LSC-6309NiCo has been perfectly maintained during the 

entire 30 hours of operation; the excellent stability of the cell can be concluded. 

 

Figure 4.23. The 30 hours’ stability test for LSC-6309NiCo in H2 at constant 0.85V 

voltage. 
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The LSC-6309NiCo cell was tested for the stability in syngas as well. Figure 4.24 is the 30 

hours’ stability test curve of LSC-6309NiCo cell in syngas with a constant voltage of 0.83V. 

The cell has shown excellent stability in syngas as in H2 gas. A constant current density of 

220 mA/cm2 was maintained during the whole test in the graph under the 0.83V working 

voltage. These values correlate with the j-V curve in Figure 4.16, and no obvious cell 

degradation was found. Therefore, LSC-6309NiCo cell has perfectly exhibited its excellent 

stability in both hydrogen and syngas. 

 

 

Figure 4.24. The 30-hour stability test for LSC-6309NiCo in Syngas at a constant 

voltage of 0.83V. 
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4.3.3.2 Stability Test in SOEC Operations 

Short term operating stabilities for LSC-6309NiCo and LSC-6309Ni electrolysis cells were 

tested in 70% CO2 & 30% CO at 850℃ with various applied voltages and plotted in Figure 

4.25, where a) is for the LSC-6309NiCo cell and b) is for the LSC-6309Ni cell. Both cells 

were run in the SOEC mode for 30 minutes at constant voltages of 0.1V, 0.3V and 0.5V 

(vs. OCV). The LSC-6309NiCo electrolysis cell has shown good stabilities under all 

voltages and the current densities of the cell increase with increasing applied voltage. In 

contrast, the LSC-6309Ni electrolysis cell has expressed good stabilities at applied voltages 

of 0.1V and 0.3V. A significant degradation of the LSC-6309Ni cell was detected at 0.5V 

applied voltage in Figure 4.25 b) such that the current density at 0.5V applied voltage on 

the LSC-6309Ni cell is very close to its current density at 0.3V vs. OCV. The possible 

reason for this degradation might be the influence from carbon deposition on Ni particles 

from the over reduction of the CO & CO2 gas.67 As the result, the stable operating potential 

for LSC-6309Ni can be inferred as 0.3V vs. OCV. Overall, the bimetallic doped LSC 

perovskite has shown better stability than the Ni doped LSC in an SOEC atmosphere with 

various applied potentials.  
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Figure 4.25. Short term stabilities of the electrolysis cells with (a) LSC-6309NiCo and 

(b) LSC-6309Ni cathodes at 850 °C at various applied voltages. 
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Figure 4.26. Stability test of LSC-6309NiCo electrolysis cell at 0.3V vs. OCV. 

 

4.4 Carbon Deposition Analysis. 

Previous studies have indicated the poor carbon deposition resistance of Ni particle doped 

fuel electrodes operating in coal gases. The coal derived fuel gas applied to solid oxide 

cells such as hydrocarbons, syngas, and even CO2 gas can cause carbon deposition and lead 

to serious degradation to the cell.22,63,67,68 Therefore, carbon deposition resistance is also 

another important parameter for catalytic activity analysis of the electrode. The carbon 

deposition resistance of Ni and Ni-Co LSC perovskite oxide was studied in this research 

by O2-TPO analysis. TPO is the temperature programmed oxidation analysis that uses the 

measurement from TGA and MS to analyze the material’s oxidation process. First of all, 

0 10 20 30 40 50

0.00

0.05

0.10

0.15

0.20

0.25
C

u
rr

e
n
t 
D

e
n
s
it
y
 (

A
m

p
s
/c

m
2
)

Time (hour)

LSC-6309NiCo long term stability at 0.3V vs. OCV



 

76 

 

the powders of electrode LSC-6309NiCo and LSC-6309Ni were placed into the MTI GSL-

1100X tube furnace to be sintered with CH4 gas at 850℃ for 24 hours. After the treatment 

with CH4 gas, the samples were inserted for the TGA test from 0℃ to 850℃ in air. The gas 

outlet of the TGA was connected with the MS; therefore, the specific amount of produced 

CO2 at different temperatures could be measured. The O2-TPO profile measured by MS is 

shown in Figure 4.27.  

 

 

Figure 4.27. TPO curves for CH4 treated LSC-6309NiCo and LSC-6309Ni. 

 

The CO2 peak areas for LSC-6309NiCo and LSC-6309Ni were 4.21×10−9 and 5.30 ×10−9 

respectively. From this result, it can be concluded that compared with Ni doped catalytic 

material, the addition of Co into the catalyst can effectively suppress the formation of 
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carbon deposition on the electrode material as studied by K.Takanabe et al.40 Moreover, it 

can also be found, by comparing the peak position of the CO2 curves, that the peak position 

of LSC-6309Ni electrode material is at around 620°C while the peak position for the LSC-

6309NiCo curve is around 470°C. The lower temperature for LSC-6309NiCo material 

indicates a smaller energy required for redox treatment. The higher carbon deposition 

resistance and lower required recovery temperature of LSC-6309NiCo than LSC-6309Ni 

can be explained by the bimetallic Ni-Co alloy analysis from previous studies, which 

indicates that the formation of surface Ni-Co alloy can effectively suppress the bonding of 

undesired carbon and preferentially oxidize the carbon atom into gas phase. The 

monometallic Ni is more likely to facilitate the formation of carbon-carbon bonds.39,69 
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Chapter 5 Conclusions and Future Work 

5.1 Conclusions 

The LSC-based perovskite oxides were studied in this research as a potential electrode 

material for SOFC and SOEC. A-site stoichiometric and A-site deficient LSC perovskite 

oxides were fabricated with monometallic Ni doping and bimetallic Ni-Co alloy doped into 

B-sites. The characterization of the material’s fabrication and exsolution process were 

measured by XRD, TPR, TPO, TGA and SEM. LSC-6309NiCo and LSC-6309Ni were 

selected for the electrochemical performance tests in SOFC and SOEC due to their highest 

amount of nanoparticle exsolution. The following conclusions can be drawn based on the 

experimental results: 

 The single-phase B-site Ni and Co doped LSC perovskite oxide can be successfully 

fabricated by the sol-gel combustion method with the doping proportion of 9 mol %. 

 The existence of A-site deficiency can be regarded as the key to drive the exsolution 

of reducible B-site nanoparticles. Nano scaled Ni particles and Ni-Co alloy particles 

were exsolved from the perovskite oxides with uniform distribution.  

 The exsolution process of Ni-Co alloy was found to be easier than Ni particles under 

a reducing atmosphere, indicating that the Ni-Co alloy exsolution required a lower 

temperature than Ni particles for a similar amount of exsolution. 

 The doping of Ni in A-site deficient LSC has shown good the catalytic activity, and 

the Ni and Co alloy doped A-LSC materials express even better electrochemical 

performance in terms of lower polarization resistance and higher current density at 

the same operation voltage with pure H2, 60% CO and 40% H2 syngas as the fuel 

in SOFC and in a CO and CO2 atmosphere in the SOEC mode, which could be 
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ascribed to the synergetic effects formed at the catalytically active Ni-Co alloy 

surface. 

 A LSC-6309NiCo cell can be considered as a potentially cost-effective SOFC 

anode material for long-term operation that has perfectly maintained the excellent 

operating stabilities in various fuel gases, such as H2 gas, syngas, and CO2 and CO 

gas. Meanwhile, the formation of Ni-Co alloy has efficiently reduced the carbon 

deposition in the cell; therefore, performance degradation has been prevented. 

5.2 Future Work 

It is noted that the bimetallic Ni and Co doped into A-site deficient LSC perovskite oxide 

has performed shown enhanced electrochemical performance as the anode electrode in 

SOFC with H2 gas and syngas as the fuel. To further improve its cathode performance in 

SOEC as well as the catalytic activity to other gases without losing its great stability and 

carbon deposition resistance, the doping ratio of Sr at A-sites and/or increase the A-site 

deficient ratio are suggested as reasonable pathways of investigation for the future, which 

is expected to bring higher conductivity to the bulk material and enhance the amount of 

exsolved nanoparticles on the surface. In addition, more experiments about the 

microstructures and the characterization of exsolved Ni-Co alloy particles with different 

Ni and Co ratios can be conducted to investigate the synergistic effects of the Ni-Co alloy 

in the future.  
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