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Abstract 
 
In this study, Lithium iron oxide (LiFeO2 – LFO) was investigated as a new anode 
material for the high temperature SOFCs. From the DC conductivity measurement in 
argon containing 5% H2, LFO exhibits good electronic conductivity of 5.08 Scm-1 at    
650 °C. LFO poses a high TEC value of 19.5 x 10-6 K-1 in air. However, the TEC values of 
the commonly used 8YSZ and CGO electrolytes are much lower, 10.5 x 10-6 K-1 and  
12.5 x 10-6 K-1 respectively. In order to resolve the mismatch in the TEC values between 
the electrode and the electrolyte, button fuel cells were fabricated via tape casting. 
LFO was infiltrated onto the porous and stable scaffold. 
 
Presently, the predominant electrolyte material used for the high temperature SOFC is 
8YSZ. Due to this reason, the initial performance of LFO as an anode material was 
tested on tape-cast 8YSZ electrolyte-supported cell. The 8YSZ electrolyte-supported 
infiltrated with 30 wt% LFO for the anode and 40 wt% LSF for the cathode achieved a 
maximum power density of 50 mWcm-2 at 700 °C in humidified H2. Increasing the 
weight loading of LFO to 40 wt% worsen the performance. XRD pattern of the sintered 
powder containing 50 wt% LFO and 50 wt% 8YSZ confirmed that LFO and 8YSZ react 
with each other.  
 
CGO was considered as an alternative electrolyte material to 8YSZ. XRD pattern of the 
sintered powder containing 50 wt% LFO and 50 wt% CGO confirmed that they are 
compatible with each other. The CGO electrolyte supported cell infiltrated with 40 wt% 
LFO for the anode and 40 wt% LSC for the cathode achieved a maximum power density 
of 180 mWcm-2 at 650 °C in humidified H2. The addition of 10 wt% ceria to the LFO 
anode enhances the electrochemical activities of the cell. However, the overall 
performance of the cell decreased due to a larger increase in the series resistance. 
 
Since CGO electrolyte is easily reduced when testing at temperature higher than       
550 °C, LSGM was used to increase the testing temperature. The 245 µm thick LSGM 
electrolyte-supported cell infiltrated with 40 wt% LSC and 30 wt% LFO obtained a 
maximum power density of 227 mWcm-2 at 700 °C in humidified H2. Decreasing the 
electrolyte thickness from 245 µm to 130 µm increased the performance of the cell. 
 
The 130 µm LSGM electrolyte-supported cell infiltrated with 40 wt% LSC and 30 wt% 
LFO was tested with the carbon/carbonate fuel as a HDCFC. Performance 
measurements of the cell was conducted at 650 °C and 700 °C with N2 flowing at        
20 ml/min. The cell performed better when testing at higher temperature. 
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Recently, there has been great interest in developing a SOFC system for the 
cogeneration of electricity and valuable C2 chemicals. The catalytic testing for oxidative 
methane coupling of methane revealed a high C2 selectivity for the LFO powder. Cell 
testing of a sample infiltrated with 40 wt% LSC and 30 wt% LFO also achieved a 
methane conversion of ~3% and a C2 selectivity of ~80% in methane at 700 °C. 
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1 Introduction to Fuel Cells 

The industrial revolution has introduced mankind to a new way of life. Travelling was 
made easier and much faster with steam-powered engines. Life is more comfortable 
with electric power generation. Food can be quickly heated using the microwave oven. 
Information can easily be retrieved from the internet. However, our new ways of life 
come with great cost. As we continue to use fossil fuels for power and energy 
generation, we often neglect our contribution to global warming. Since the industrial 
revolution, the earth’s atmosphere has become warmer. According to the 2007 Fourth 
Assessment Report by the Intergovernmental Panel on Climate Change (IPCC), the 
global surface temperature has increased by 0.74 + 0.18 ˚C during the 20th century (1). 
In 2008, the worldwide energy consumption was 474 exa joules (474 x 1018 J) with 80% 
generated from the combustion of fossil fuel (2). Moreover, the Energy Information 
Administration (EIA) projected that the world energy consumption will increase by 49% 
from 2007 to 2035 (3). This increasing energy demand of the growing world population 
and the oil crises of the 1970’s increased the interest in alternative environmental-
friendly energy. Due to this reason, fuel cells have more become attractive. They 
provide a high efficiency in energy conversion and are therefore considered 
environmentally friendly. 

 
In 1838, Christian Friedrich Schönbein discovered the principle of fuel cell but it was his 
friend William Robert Grove who constructed the first “fuel cell” prototype in 1839 (4). 
This development marked the start of the fuel cell history. The fuel cell was made of 
two platinum electrodes which were placed in a glass containing diluted sulfuric acid 
solution (the electrolyte). Because the voltage potential between the electrodes was 
too low, Grove linked many cells together to obtain a higher potential (5).     

 
 
 

 
 
 
 

 
 
 
 

Figure 1:  Schematic of Grove’s fuel cells (4) 
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1.1  Different Type of Fuel Cells  

A fuel cell is an electrochemical device that converts chemical energy of the fuel 
directly into electricity. A single cell consists of an electrolyte and two electrodes (i. e. 
an anode and a cathode). The electrolyte is sandwiched between the anode (negative 
electrode) and the cathode (positive electrode) (Figure 2).  
 
 

 
Figure 2:  Schematic of a single fuel cell (6) 

 
 

Although all types of fuel cell have the same operating principle, they are classified by 
the operating temperature and the type of electrolyte (Table 1). For low temperature 
fuel cells, the Polymer Electrolyte Membrane (PEM) and the Alkali Fuel Cell (AFC) are 
the two main types with operating temperature from 70 ˚C up to 250 ˚C. The 
Phosphoric Acid Fuel Cell (PAFC) falls into the medium temperature fuel cell that 
operates between 150 ˚C and 250 ˚C. The two main high temperature fuel cells are the 
Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell (SOFC) that operate 
between 500 ˚C and 1000 ˚C. 
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Type Temp (°C) Fuel Electrolyte Charge  carrier 

Polymer Electrolyte 
Membrane (PEM) 

70-110 
H2, 

Methanol 
Suffocated 
Polymers 

(H2O)nH+ 

Alkali Fuel Cell 
(AFC) 

100-250 H2 Aqueous KOH OH- 

Phosphoric Acid 
Fuel Cell (PAFC) 

150-250 H2 H3PO4 H+ 

Molten Carbonate 
Fuel Cell (MCFC) 

500-700 
H2, hydrocarbons, 

CO 
(Na,K)2CO3 CO3

2- 

Solid Oxide Fuel 
Cell (SOFC) 

600-1000 
H2, hydrocarbons, 

CO, alcohols 
(Zr,Y)O2-δ O2- 

Table 1: Types of fuel cells and their characteristics (6) 

1.1.1 Thermal Dynamic of Fuel Cells 

The first law of thermodynamics states that the change in internal energy of a system 
is equal to the change in enthalpy minus the work done by the system. In case of an 
isothermal and reversible thermodynamic system, the Gibbs free energy, ∆𝐺, can be 
written in the following function (7; 8): 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

where ∆𝐻 is the enthalpy change and ∆S is the entropy change. The total thermal 
energy available is ∆𝐻. A negative ∆𝐻 value is indicating an exothermic reaction. The 
entropy of the system describes the amount of its disorder. By convention, entropy of 
a system that spontaneously moves from products to reactants always has a positive 
value (+∆𝑆) and is associated with the consumption of the available capacity for the 
spontaneous change when a process occurs (9). 
 
In an electrochemical cell, the maximum potential difference between two electrodes 
is called electromotive force (EMF). The maximum electric work Wmax (Eq. 1-2) is the 
product of charge q in Coulomb (C) and the potential E in Volt (V) or EMF. The electric 
charge, q, is equal to the number of electrons being released by the electrochemical 
conversion multiplied with the Faraday’s constant F (96485 C mol-1). Since Gibb’s free 
energy is the negative value of the maximum electric work, ∆G yields Eq. 1-4. 
 

𝑊𝑚𝑎𝑥  = 𝑞𝐸 
 

 

Eq. 1-1 

Eq. 1-2 
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𝑞         = 𝑛𝐹 
 

∆𝐺      = −𝑛𝐹𝐸 
 

𝐸         =  
∆𝐺
−𝑛𝐹

 

 
and at standard conditions, 

∆𝐺°     = −𝑛𝐹𝐸° 
  

𝐸°        =  
∆𝐺°

−𝑛𝐹
 

 
For each reaction (Eq. 1-8), a reaction quotient, Q can be defined as (Eq. 1-9). 
 

𝑎𝐴 + 𝑏𝐵 = 𝑐𝐶 + 𝑑𝐷 
 
 

𝑄 =  
[𝐶]𝑐[𝐷]𝑑

[𝐴]𝑎[𝐵]𝑏
= 𝐾 =

𝑎𝐶𝑐  𝑎𝐷𝑑

𝑎𝐴𝑎 𝑎𝐵𝑏
 

 
For a reaction in equilibrium, 𝑄 becomes 𝐾, the equilibrium constant, which depends 
on the reactants’ and products’ activities. The energy being released can now be 
calculated using Eq. 1-10.   
 

∆𝐺      = ∆𝐺° + 𝑅𝑇 ln𝐾 
 
where R is the gas constant of 8.31 J mol-1 K-1 and T is the temperature in K. The cell 
potential can be calculated using Eq. 1-10 by substituting parts of Eq. 1-4 and Eq. 1-6. 
 

𝐸𝐶𝑒𝑙𝑙          =  𝐸° −
𝑅𝑇
𝑛𝐹

ln�
𝑎𝐶𝑐  𝑎𝐷𝑑

𝑎𝐴𝑎 𝑎𝐵𝑏
� 

1.1.2 Fuel Cell Efficiency  

The thermal efficiency of a chemical energy conversion device is defined as the 
amount of useful energy produced relative to the available thermal energy of the 
system. For a fuel cell, the maximum electrical energy that can be produced is equal to 
the change in Gibbs free energy (∆𝐺) and the available stored chemical energy is the 

Eq. 1-3 
 

Eq. 1-4 

Eq. 1-5 

Eq. 1-6 

Eq. 1-7 

Eq. 1-8 

Eq. 1-9 

Eq. 1-10 

Eq. 1-11 
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enthalpy change (∆𝐻). For a constant temperature fuel cell, the maximum efficiency is 
defined as: 
 

ƞ𝑚𝑎𝑥(%) =
∆𝐺
∆𝐻

× 100 

 
This maximum efficiency limit is also known as the thermodynamic efficiency.  

1.1.3 Solid Oxide Fuel Cells 

Due to their high operating temperature, SOFCs can process a wide range of fuels. The 
SOFC is the fuel cell with the longest continuous R&D period (6). For the small 
stationary SOFC systems (1 – 100 kW), they can achieve a net electricity efficiency of 
55% and overall efficiencies of 70–90 % (including thermal power) (10; 11).  
 
For the solid oxide fuel cell (SOFC), H2 (or more, usually reformed methane), is fed 
continuously to the anode and an oxidant (oxygen from air) is fed continuously to the 
cathode. At the anode-electrolyte interface, the electrode catalyzes and oxidizes the 
hydrogen molecules to produce hydrogen protons and electrons Eq. 1-13. The 
electrons then travel from the anode to the cathode through the external circuit and 
reduce the oxygen to oxygen ions (Eq. 1-14). Due to the difference in concentration of 
oxygen, the oxygen ions diffuse through the electrolyte to the anode and react with 
the hydrogen protons to form water (Eq. 1-15). 
 

Eq. 1-12 
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Figure 3: Schematic of processes within the air electrode, electrolyte, and fuel 

electrode at their interfaces (12) 
 

Anode Reaction: 2H2         4H+ + 4e-   

    Cathode Reaction: O2 + 4e-      2O2-    

 

Overall Reaction: 2H2+ O2     2H2O    

However, all materials chosen for SOFC have to meet several criteria. The chemical and 
mechanical properties of the materials must be stable at operating temperature. In 
addition, the different segments (interconnector, anode, electrolyte, cathode) of the 
cell must have a similar thermal expansion coefficient (TEC) to minimize the 
mechanical stress to avoid braking the cell (13).  

1.1.3.1 Cell Designs 

Design of the cell stack is one of the major concerns in SOFCs, as the power is directly 
proportional to the area of the cell. The other important factor in designing the cell is 

Eq. 1-14 

Eq. 1-13 

Eq. 1-15 
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the sealing. Planar and tubular are the two most common cell designs for SOFCs (6). 
The planar or flat geometry is easier to fabricate and can easily be stacked together, 
which provides a high volumetric power density. However, it is harder to seal. The 
tubular design was developed by Siemens-Westinghouse. The biggest advantage in this 
design is that it does not require sealing. The power density depends on the diameter 
of the cell. The micro-tubular design has been suggested to give higher power density 
with smaller diameter and smaller spacing (7). However, current collection can be an 
issue for the tubular cell. 
   
 

 
Figure 4: Schematic of tubular (left) and planar (right) SOFC design (6) 

 
 

There are other cell designs such as high power density (HPD - Figure 5) and Delta 
(Figure 6). The University of St. Andrews has developed a new design called SOFCROLL 
which is fabricated by tape casting and laminating (14).  

 
 

 
Figure 5: Schematic of the high power density (HPD) 5 SOFC design (15) 
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Figure 6: Schematic of the Delta 9 SOFC design (16) 

 
 
 

 
Figure 7: Schematic of SOFCROLL design (14) 

1.1.3.2 Electrolyte 

In the SOFC, the electrolyte needs to be a dense solid material to prevent gas diffusion 
(5; 17; 18; 19). More importantly, it requires a high ionic conductivity to support the 
diffusion of oxygen ions from the cathode to the anode. In additional, the electronic 
resistivity must be high to promote charges transfer through the external circuit to 
generate electricity. In the 1890s, Nernst made a major contribution to the SOFC 
development (20). He discovered that stabilized zirconia, an insulator at room 
temperature, becomes an ionic conductor at temperature above 700 ˚C and then an 
electronic conductor at temperature 1500 ˚C and higher (21). However, the first 
ceramic fuel cell was operated by Bauer and Preis in 1937 (22). In 1993, Minh released 
a review on electrolyte materials for the SOFCs. Recently, (23; 24) also reviewed the 
electrolyte materials for the SOFCs.  
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Presently, the state of the art yttrium stabilized zirconium oxides (YSZ) is the 
predominant electrolyte material for the SOFC application (25; 26; 27; 28).  In the past 
decades, many oxides systems have been investigated as potential electrolytes for the 
SOFC technology. Etsell and Flengas presented a review on electrolyte materials for 
the SOFC application (29). Minh and Takahashi published a summary of electrolyte 
materials for SOFC technology with more up to date conductivity data (30). Over the 
years, many different electrolyte materials have been considered and researched. 
Figure 8 shows that the ionic conductivity of the oxide system depends on 
temperature.  
 

 
Figure 8: Ionic Conductivity of different oxide ion conductors (31) 

 
There is great interest in developing an electrolyte that operates in the intermediate 
temperature range between 500 ˚C and 700 ˚C. This would enhance the lifetime of the 
SOFC system and also widen the material selection. However, reducing the SOFC 
operating temperature increases the electrolyte resistance and electrode 
overpotential (32; 33). Decreasing the thickness of the electrolyte could make up for 
the performance losses of the cell (34; 35; 36; 26). Another approach is to use 
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materials that have a high ionic conductivity at low temperature such as doped ceria 
(37; 38; 39; 40) and doped LaGaO3 (41; 42; 43; 44).  

1.1.3.3 Interconnect 

The interconnect is a crucial component in the solid oxide fuel cell stack. It provides 
electrical contact between adjacent cells (45; 46; 47; 48). The connection of cells in 
series allows the stack to achieve higher voltages. The interconnects also provide the 
infrastructure to supply fuel to the anode and air to the cathode. Similar to the 
electrolyte, interconnect materials must be stable and also impermeable in a dual 
oxidizing-reducing environment at high temperature. However, it must exhibit 
excellent electronic conductivity to minimize ohmic losses. In addition, it must not 
react with the anode, cathode and electrolyte. To minimize thermal stress at high 
operating temperature, the interconnect must have a thermal expansion coefficient 
(TEC) value close to those of other cell components.  
 
Lanthanum chromite, LaCrO3, is a widely used ceramic interconnect material for high 
temperature SOFC systems (30) because it is stable to low oxygen partial pressure of 
10-16 Pa at 1273 K (49) and is a p-type electronic conductor in oxidizing conditions (50). 
The conductivity of pure lanthanum chromite is not sufficiently high enough as an 
interconnect material, but can be enhanced through doping with strontium (51), 
calcium (52; 53) and magnesium (54).  However, the disadvantage associated with 
lanthanum chromite interconnect is their high cost. 
 
For intermediate temperature solid oxide fuel cells, metallic interconnects are 
preferred over ceramic. Metallic interconnects offer many advantages over ceramic 
interconnect, such as good electronic conductivity, high thermal conductivity, low cost 
of raw material, and ease of manufacture and good workability (45; 46). However, 
chromia formed on the surface of chromium-based alloys that are volatile above      
800 °C (55; 56). At high temperature, Cr can reach the cathode which leads to 
chromium poisoning (57; 58; 59). Another concern with these alloys is their long-term 
stability with other fuel cell components (60; 61; 62).  

1.1.3.4 Cathode 

Efficient SOFC cathode materials must have high catalytic activity to reduce the oxygen 
molecules, high electronic conductivity, and a porous microstructure for gas transport. 
For the pure electronic electrode material, the electrochemical reactions are limited by 
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the triple phase boundary (TPB). Due to this reason, a composite electrode material, 
consisting of electronic and ionic conductivity, is preferred. In Figure 9, a mixed 
conducting material enhances the active area or TPB into the electrode. In the early 
stage of the development, platinum and other noble metals (and even magnetite) (6) 
were used as cathode materials for SOFC. However, they are not practical and cost-
effective for commercial SOFC systems. In 1969, LaCoO3 was used as the cathode 
material for a SOFC by Tedmon et al (63). The data showed that its initial performance 
was good, but the cell degraded rapidly with time due to reactions with the YSZ 
electrolyte. 

 

 
Figure 9: Schematic of pure electronic and mixed conducting cathode (64) 

 
Presently, cathode materials are based on doped Lanthanum Manganites. For high 
temperature SOFC, strontium-doped LaMnO3 (LSM) is used. For intermediate operating 
temperature SOFCs, Lanthanum Strontium Ferrumte (LSF) or Lanthanum Strontium 
Cobalt Iron Oxide (LSCF) are used (65). When operating at lower temperature, 
improving the resistances of the electrodes would also make up for the ohmic losses 
from the electrolyte (66; 67; 68; 69; 13). Reviews on cathode/interconnector 
interaction are presented by Yokokawa (70), Sun (71), and Shao (72), amongst others. 
Studies on the interaction between cathode/electrolyte are presented by Kuščer (73), 
Brugnoni (74), and Anderson (75) amongst others.  

1.1.3.5 Anode 

Materials chosen for SOFC application must be stable in the relevant environment 
(reducing atmosphere and the gases being fed) at operating temperature. Moreover, 
efficient SOFC anode materials must have high catalytic activity to oxidize the 



12 
 

hydrogen molecules, and a porous microstructure of about 40% (17; 76; 77). A porous 
anode microstructure supports the oxidation of fuel at the electrochemical sites and 
also assists the transport of fuel and byproduct. For the pure electronic electrode 
material, the electrochemical reactions are limited by the TPB. Due to this reason, a 
composite electrode material, consisting of electronic and ionic conductivity, is 
preferred. 
 
When SOFC systems are operating at high temperature (>650 ˚C), they have a great 
advantage of using the hydrocarbons as a fuel. 80 – 95 % volume of natural gas is 
made up of methane (5). Anode materials with good catalytic activity can process 
methane with the internal reforming reaction to form hydrogen molecules and carbon 
monoxide (Eq. 1-16). The carbon monoxide undergoes another process called water 
shift gas to generate one more hydrogen molecule (Eq. 1-17). This in situ reforming of 
methane yields the total of 4 moles of H2 for every one mole of CH4 and two moles of 
water (Eq. 1-18).  
 

CH4 + H2O   3H2 + CO    
 
CO + H2O     CO2 + H2

   

 
 CH4 + 2H2O    4H2

 + CO2   
 

 

Figure 10: Schematic of internal methane reforming (78) 
 

However, two undesirable reactions called the Boudouard Reaction (Eq. 1-19) and the 
Cracking Reaction (Eq. 1-20) may occur. The Boudouard Reaction is known to occur at 

Eq. 1-18 

Eq. 1-16 

Eq. 1-17 
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low temperature and high pressure whereas the Cracking Reaction is at high 
temperature and low pressure (79; 13). These reactions produce carbons that can be 
deposited onto the anode, which in turns block the sites from catalytic activity and also 
prevent the fuel from diffusing through the anode to the TPB (80). Carbon monoxide 
(Eq. 1-21), partial (Eq. 1-22), and full oxidations (Eq. 1-23) may also occur when 
hydrocarbon is used as a fuel. Full oxidation of methane can achieve conversion 
efficiency up to 99.2% (81). The overall oxidation is shown in Eq. 1-24. 

 
2CO     C(s) + CO2

   
 

 CH4   C(s) + 2H2   
 

2CO + O2  2CO2    
 
2CH4 + O2  2CO + 4H2

   
 

 CH4 + 2O2  CO2 + 2H2O   
 

CH4 + 4O-2  CO2 + 2H2O + 8e-  
 
When methane is used as the fuel, the cracking of CH4 (Eq. 1-20) on the traditional Ni-
YSZ anode is problematic due to the formation of carbon that may block the catalytic 
sites and the pores for gas diffusion, which results in the degradation of fuel cell 
performance. When Ni/YSZ is used as an anode material for SOFC application, the 
steam to methane ration of 2+ is required (81). One method to suppress carbon 
deposition is the gradual internal reforming of methane by steam or CO2 yielded at the 
SOFC anode side according to Eq. 1-25 and Eq. 1-16 (78). 

CH4 + CO2  2CO + 2H2 
   

Carbon deposition may be avoided if methane can be directly oxidized by the oxygen 
migrating from the cathode side under load (82). The partial oxidation of methane may 
yield CO and H2 (Eq. 1-22), which could be used as the fuel. Complete oxidation of 
methane under the SOFC conditions to produce CO2 and H2O (Eq. 1-23) would be ideal 
although it is usually difficult to achieve. 
 

Eq. 1-21 

Eq. 1-25 

Eq. 1-23 

Eq. 1-24 

Eq. 1-20 

Eq. 1-19 

Eq. 1-22 
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During the early development, platinum, gold and pure transition metal such as nickel 
and iron were used as anode materials (22; 83). Spacil recognized that a composite of 
nickel and YSZ particles solves the nickel aggregation issue due to mismatch of the TEC 
between the two materials (84). From 50 ˚C to 1000 ˚C, the TEC values for NiO have 
been reported between 14.1-14.2 x 10-6 K-1 and 10-10.5 x 10-6 K-1 for 8YSZ (85; 86; 
87). In modern cell, the graded design is used for the anode to achieve high mechanical 
strength and desired porosity (88). Figure 11 demonstrates that the TECs of the 
composite increases with increasing content of NiO. Since NiO and YSZ do not form 
solid solutions, even at high temperatures, the green body can be sintered to form 
NiO-YSZ composite then reduced to form a porous Ni-YSZ cermet (ceramic-metal) (17). 
Presently, nickel-based cermet is the most common material for the SOFC anodes (89). 
 
 

 
Figure 11: Thermal Expansion of NiO, YSZ and composite of NiO-YSZ (86) 
 

However, there are some challenges in using nickel as an anode material. When 
operating in natural gas, nickel can suffer from sulfur poisoning (90; 91; 92; 93). Since 
natural gas is odorless, sulfur is introduced to help detect gas leakage.  In addition, the 
anode can also suffer from carbon deposition which blocks the surface and hinder gas 
from reaching the triple face boundaries (94; 95). Moreover, nickel-based anodes are 
prone to be unstable upon redox cycling.  The re-oxidization of Ni to NiO results in a 
volumetric expansion of 69% (96). Due to these problems, many scientists have been 
searching for an alternative anode material for SOFCs application. 
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Fe-based catalyst has been widely used industrially for high temperature water gas 
shift reaction (WGS) for the production of ammonia and H2 (97). There are many 
interests in investigating in biomass gasification coupled with WGS using a mixture of 
oxides of Fe, Cr, and Cu to produce a hydrogen-rich gas (98; 99; 100). Various oxides 
such as PbO, La2O3, CaO, ZrO2, Al2O3, CeO2 have been considered to achieve the Cr-free 
Fe-based WGS catalysts (101; 102; 103; 104). Iron catalyst doped with lithium oxide 
was investigated for ammonia synthesis (105). The activity of iron catalyst containing 
0.79 wt% of Li2O was similar to the industrial iron catalyst doped with potassium oxide.  
 
Lithium doped magnesium oxide is a well-known catalyst for the oxidative coupling of 
methane (OCM) for the production of ethane and ethylene due to its high reactivity 
and C2 selectivity (106; 107). Excellent performance was reported on lithium doped 
sulfated zirconia for OCM (108; 109).  
 
Iron-based electrocatalyst was investigated for the oxygen reduction reaction in PEM 
fuel cell. The current density of the iron-based electrocatalyst cathode was similar to 
that of a platinum-based cathode (110). Lithium-metal oxides such as Li5FeO4 and a 
Li2MnO3*LiFeO2 composite was explored as electrocatalyst rechargeable Li-O2 cells 
(111). High electrochemical behavior was obtained if activation occurs by acid 
treatment.  
 
In this study, lithium iron oxide (LiFeO2 – LFO) will be investigated as a new potential 
anode material for SOFCs application.  
 
 

 

Figure 12: Phase diagram of Li – Fe – O2 (112)  
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2 Experimental 

This chapter outlines the important and most frequently used techniques for this 
study. 

2.1 Synthesis 

2.1.1 Solid State Synthesis of LFO 

The investigated material was initially produced using the oldest and simplest 
technique, solid state synthesis. Solid state synthesis is a slow process due to the 
powder being mixed at the particles level instead at the atomic level (113; 114). The 
chosen reactants should be the simplest oxides and have high purity. The dried 
reactants (powder form) were mixed together then calcined at high temperature to 
form the desired material (Figure 13). The calcined powder was pressed into pellets 
with using the uniaxial press then sintered at high temperature for homogeneity.  
 
 

 

Figure 13: Solid state synthesis 
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2.1.2 Solution-based Synthesis of LFO 

Nitrate salt compounds of appropriate stoichiometry were dissolved in a beaker with 
deionized water to produce the aqueous solution. The mixed nitrate solid precursor 
solution was dried on the hot plate then sintered at high temperature. The aqueous 
synthesis method that uses nitrate salt is sometimes preferred over the solid state 
synthesis because it allows the compound to form at lower sintering temperature. The 
nitrate precursor solution can also be mixed with powder to get a better homogeneity 
than all solid state.  In addition, the solution can be used to infiltrate into a porous 
body. 

2.2 Characterization 

2.2.1 X-ray diffraction (XRD) 

Solid materials are crystalline substances where atoms are arranged in a unique and 
regular pattern. The simplest repeating building block in a crystal is called the unit cell. 
The X-Ray diffraction (XRD) technique can be used to obtain the unique pattern 
(fingerprint) of the crystalline material at the atomic and molecular level (113; 115; 
116). The X-Ray diffraction technique is versatile and nondestructive. It was first 
introduced by A. W. Hull in 1919 (117). It is one of the most important characterization 
tools used in solid state chemistry and material science.  
 
This measuring technique obeys Bragg’s Law (Eq. 2-1), where d is the distance between 
the atomic layers in the crystals, θ is the incident angle, n is an integer, and λ is the 
wavelength of the incident X-ray beam (118). The X-ray beam (beam A and B) incidents 
on a pair of parallel planes that make an angle θ. The intensity of the reflected beam 
(beam A’ and B’) will be maximum when the waves are in phase (Figure 14).  
 
 

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆 
 
 

 
Figure 14: Bragg’s Law. 

Incident 
 

Reflected 
 

Eq. 2-1 
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XRD patterns were collected on either a Phillips PW 1710 diffractometer or a 
PANalytical Empyrean. Both were operated in reflection mode using CuKα radiation. 

2.2.2 Electron Microscopy (EM) 

An electron microscope is a type of microscope that uses an electron beam to capture 
an image of the specimen at high magnification. It is a powerful and versatile tool that 
allows one to observe the morphology of the specimen. In this study, the JOEL JSM-
5600 scanning electron microscope (SEM) was used to observe the morphology of a 
sample. In the SEM, the tungsten filament of the electron gun emits an accelerated 
electron beam toward the specimen by applying a potential difference between 5kV 
and 30 kV. The electron beam is then focused by passing through the magnetic lens 
(Figure 15). The scanning coil is used to control and adjust the emitted beam before 
reaching the sample. An image is produced when the backscattered electron detector 
and the secondary electron detector detect the reflected electronic signal.  
 
 

 
Figure 15: Schematic of SEM (119) 
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2.2.3 Thermal Analysis 

Thermal analysis is the measurement that observes the changes of a material as a 
function of temperature.  These techniques rely on a high degree of precision.  

2.2.3.1 Thermo-Gravimetric Analysis (TGA) 

Thermal-gravimetric analysis (TGA) is one of the most common techniques. A sensitive 
scale is used to monitor the weight change of the material in relation to the change in 
temperature and time in any desired environment. All materials were measured in 
powder form.  

2.2.3.2 Dilatometer (DIL) 

A dilatometer is an instrument that measures the volume change of a material upon 
heating and cooling. This measurement can be performed in different atmospheres. 
The sample was measured in pellet form. The pellet was sandwiched between two 
alumina holders. The variation of the length is recorded by sensing the change in 
pressure that is applied by piston. The thermal expansion coefficient (TEC) value of the 
sample was calculated using the recorded data.  

2.3 Van der Pauw 

In 1958, van der Pauw discovered a technique that measures the sheet resistance or 
conductivity of a material in arbitrary geometry (120). This technique plays an 
important role in material research, because it makes conductivity measurement of 
the sample possible in different environment at different temperature. The material of 
interest was pressed into a pellet then gold strips were pasted on the edge of the 
pellet to form 4 contact points as shown in Figure 16 below.  
 
 
 
 
 

Figure 16: Shape of sample in van der Pauw method 
 

The resistivity equation, ρvdP, of the sample with thickness d can be derived from the 
van der Pauw’s equation (Eq. 2-2). The equation takes into account the measurement 

1 

2 3 

4 
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inaccuracy by averaging the two horizontal, R23,41 and R41,23, and two vertical, R12,34 and 
R34,12, data points and correction factor ƒ. The relationship between the correction 

factor and the resistance ratio �𝑅12,34+𝑅34,12
𝑅23,41+𝑅41,23

� is presented in Eq. 2-3 below.  

 
 
 

𝜌𝑣𝑑𝑃 = �
𝜋𝑑
ln 2� �

𝑅12,34 + 𝑅23,41 + 𝑅34,12 + 𝑅41,23

4 � 𝑓 

 
 

𝑅12,34 =  
𝑉4 − 𝑉3
𝐼12
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𝑅12,34 + 𝑅34,12

2 − 1
𝑅23,41 + 𝑅41,23

2 + 1
 
ln 2
𝑓 � =

1
2
𝑒
ln2
𝑓  

 
The conductivity, σvdP, of the sample can be calculated (Eq. 2-5) by taking the inverse of 
the resistivity, ρvdP.  
 

𝜎𝑣𝑑𝑃 =
1

𝜌𝑣𝑑𝑃
= �

ln 2
𝜋𝑑 �

�
4

𝑅12,34 + 𝑅23,41 + 𝑅34,12 + 𝑅41,23
�

1
𝑓

 

2.4 Tape Casting 

In 1947, Glenn Howatt was the first to describe the process known as tape casting 
(121). In the 1950s, the use of a porous casting surface was replaced by a moving 
polymer carrier (122). This was the turning point in tape casting because the process 
was continuous. Presently, tape casting is a well-established forming technique for 
fabricating large, thin, and flat ceramic or metallic sheets (123). It is also known as 
“doctor blading” and “knife coating” (124; 125; 126; 127). The doctor blade is the 
scraping blade that removes the excess slurry on the moving polymer carrier to 
produce a thin layer of tape. Tape casting is an easy and low cost process that is widely 
used in the plastic, paper, paint and electronic industries. The flexibility of the unfired 
tape allows it to be cut into different geometry to design a circular or rectangular cell. 
It can also be rolled to form a tubular or rolled fuel cell.  In additional, a multi-layer 
ceramic composed of layers with different porosities can be prepared by laminating 

 

Eq. 2-2 

Eq. 2-4 

Eq. 2-3 

Eq. 2-5 
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the tapes together for co-sintering. However, a multi-layer tape can be produced by 
co-casting, casting of another layer of tape onto the dried casted tape. 
 
 Slurry formation is a very crucial step for tape casting. The slurry must satisfy some 
quality criteria such as no agglomerations and sediments, and have a good viscosity to 
allow for an easy casting while maintaining the geometry of the tape. The wet cast 
slurry must not have any defects during drying. The dried green (unfired) tape should 
be flexible to avoid cracking of the tape while handling it. It should also have good 
cohesion and thermocompression for laminating layers together. This requires a 
carefully selected mixture of powder, solvent, surfactant, plasticizer, binder and 
sometimes pore formers. 
 
Powder 
 
The tape casting process is used to obtain a desired configuration of the powder 
particles in various size, shape and microstructure after sintering. Hence, the powder is 
the most important ingredient of the slurry. It is very important to obtain the 
characteristics of the powder before beginning the formulation of the slurry (128). It is 
not convenient to use particles that have high surface area because they have a 
greater driving force for sintering. This may cause high shrinkage and therefore a 
higher concentration of additives are required (129; 130). Powders with surface area 
higher than 20 m2 g-1 are much more difficult to work with than those with surface 
area between 5 and 15 m2 g-1 (127).  
 
Solvent 
 
Tape casting is a forming process that requires the powder to flow like a fluid. In order 
to achieve this, the powder is suspended in the solvent. The solvent is also referred to 
as the vehicle or the carrier. The solvent is used to distribute all ingredients 
homogeneously throughout the slurry (131). Therefore, the solvent is a very important 
parameter in formulating the slurry.  
 
There are two types of solvent; the aqueous and non-aqueous. Nahass et. al. 
compared the aqueous and non-aqueous slurries for tape casting  (132). Water is a 
nonorganic solvent that can be used by itself or together with organic solvent. The 
main advantages of aqueous-based slurry are cost, safety, and much more 
environmental friendliness. The water based solvent is non-toxic and nonflammable. It 
produces crack-free, uniform green tape only when all parameters are controlled 
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extremely well. However, the aqueous slurry takes a much longer time to dry because 
of its high evaporation latent heat. On the other hand, a non-aqueous or organic based 
slurry dries quickly and produces green tapes that have a high density and a fine 
surface appearance. It is easier to achieve a strong and uniform green tape. However 
the organic-solvent based slurry is more volatile and irritating to process.  
 
The vehicle is called the solvent. It must be able to distribute the powder, pore former 
and other ingredients to create a uniform mixture. The solvent must dissolve all 
additives such as wetting agent, surfactant, dispersant, binder, and plasticizer. There is 
a wide range of solvent selection but the possible selection of a solvent depends on 
the chosen additives (131; 133). It is common for the vehicle to have more than one 
solvent to dissolve all ingredients because it increases the ability to dissolve (134; 135). 
It has been reported that a vehicle mixture containing up to four different type of 
solvent has been used (136). Some of the binary organic solvent systems that have 
been used are:  

• methyl ethyl ketone (MEK) and ethanol (137; 138)  
• MEK and acetone (139) 
• MEK and toluene (140; 141) 
• xylenes and ethanol (127) 

Surfactant  
 
A surfactant is also called the wetting agent, dispersant, or deflocculant. It is used to 
break down the agglomerates in the power by separating the particles and coating 
them individually to prevent re-agglomeration (142). The surfactant coats the particles 
and keeps them in a stable suspension in the slurry due to the steric and/or 
electrostatic repulsion (143). The deflocculant is used to the increase the solid loading 
of the slurry while maintaining a desired viscosities after the addition of binder (127). 
Some of the deflocculants used for tape casting are fish oil, corn oil, safflower oil, and 
linseed oil (127). 
 
Binder 
 
The binder plays a very important role in the tape casting process because it provides 
strength, flexibility, durability, smoothness, and laminatebility to the green tape after 
the evaporation of solvent. The binder supplies the framework that holds the entire 
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chemical system together. The green tape is supported by the continuous chain of 
polymer that is infiltrated with a large amount of powder (127).  Some important 
factors to be considered in selecting the binder are solubility in solvent, viscosity, 
strength, burn out characteristics, firing atmosphere of the powder, ash residue and 
cost. Most binders are either polyvinyl (vinyl) or polyacrylates (acrylic). The most 
commonly used vinyl for tape casting is polyvinyl butyral (PVB) (127).  Since polyvinyl 
alcohol is soluble in water, it is generally considered for aqueous-based slurry.  
 
Plasticizer 
 
The plasticizer is an additive which softens the binder to provide flexibility to the green 
tape. Without the plasticizer, the slurry will form a strong, stiff and brittle sheet of 
green tape. The plasticizers offer the flexibility that allow the dry tape to be rolled, cut, 
punched, and laminated without cracking. The plasticizers are made up of small low 
weight organic substances that soften the tape by relinking the framework formed by 
the binder (123). While the plasticizers increase the flexibility of the network, they 
reduce the mechanical strength of the green tape.  
 
Preparation of Slurry 
 
The preparation of slurry usually consists of two-stage milling and mixing procedures. 
Moreover, it is necessary to perform two-stage milling and mixing procedure to 
produce defect-free, dense, and thin tape (144). The first stage is the powder 
dispersion milling procedure where the powder is milled in a mixture of solvent and 
dispersant to break down soft agglomerates that have formed as a results of high 
surface area. This milling process takes about 24 hours to obtain a well-dispersed 
particle suspension. In the second stage, the binder and plasticizers are added to the 
suspension to form flexible bonding between ceramic particles. These additives 
increase the viscosity and plasticity of the slurry to enable a smooth casting. Once the 
binder and plasticizers are added, the mixing process can take as little as 4 hours or as 
long as 12 hours (127).  
 
De-Airing  
 
When all ingredients are mixed homogenously, it is essential to de-air the slurry to 
remove any air that was trapped during the milling and mixing process. Trapped air 
bubbles create pinholes that can lead to cracking upon drying. Generally, the slurry is 
de-aired by rolling the slurry slowly to decrease the viscosity and allowing the air 
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bubbles to escape. However, this process can take up to couple of hours depending on 
the volume of the slurry. Another way to de-air is to use the vacuum pump to force the 
air bubbles to surface. However, it is important to vacuum at a low constant pressure 
for a short period to prevent a large amount of solvent from being removed.  
 
Casting process 
 
For a typical tape casting process, the slurry or slip is poured into the reservoir behind 
the doctor blade and the tape is being cast onto the moving carrier. The wet thickness 
of the tape depends on the gap between the doctor blade and the carrier. However, 
the viscosity of the slurry, the level of the slurry in the reservoir and the speed of the 
moving polymer film can affect the wet thickness of the tape. In addition, it is 
important to maintain a constant temperature during the tape casting process. It is 
even recommended to tape cast in an environment that is warmer than room 
temperature to lower the viscosity of the slurry for a more consistent and smoother 
flow.  

 
Figure 17: Schematic of the tape casting process 

 
Tape drying  
 
Once the slurry is casted, it is important to let the wet tape dry at room temperature 
on the support for several hours to allow the solvent to evaporate. Blowing air into the 
drying chamber can speed up the drying process. However, inappropriate evaporation 
rate of the solvent may form cracks, drying crust, and skin on the surface of the tape 
(127). 
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2.5 Cell Fabrication 

Shaping and Sintering 
 
The multi-layer structured button cell can be fabricated by laminating, pressing, cutting 
and punching the dried green tapes. Multiple layers (n-layer) of dense electrolyte 
material were cold laminated together using a laminator. A layer of the tape consisting 
of the same electrolyte material with graphite as pore former is pressed onto each side 
of the laminated n-layer electrolyte. After sintering, the prepared tape-cast cell will 
have a dense electrolyte with two strong, stable and porous scaffolds. For the green 
tape, ceramic particles are held together by a large amount of additive. These organic 
additives must be removed completely from the green tape before ceramic sintering. 
The co-sintering program of a multilayered tape must also consider the burn out 
temperature of the pore formers. Appropriate heating rate and dwelling time should 
be chosen to avoid cracking and distortion to the sintering samples.   
 
 

     
Figure 18: Schematic of the preparation of the tape casted cell  

a) before sintering and b) after sintering 
 

Infiltration 
 
Recently, there is a great interest in the development of nano-structured electrodes 
for SOFCs by the impregnation or infiltration method (145; 146; 147; 148). Moreover, 
the nano-structured electrodes are critical for ITSOFCs (149; 150; 151). The infiltration 
of the functional material into the well-sintered and stabled scaffold allows nano-
particles to form at low temperature, which prevents undesired grain growth (152; 
153; 154). The continuous formation of nonrandom nano-particles on the scaffold also 
resolves the mismatch in the TEC values between the electrode and the electrolyte. 
The scaffold prepared from the electrolyte material provides a stable framework to 
hold the nano-particles of the functional material, which prevents an entire electrode 
to delaminate from the electrolyte due to mechanical stress. A nitrate precursor 
solution of the chosen electrode material was used for infiltration. The cell was 
impregnated with the solution then heated to 450 ˚C to decompose the nitrate. The 

a) b) 
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infiltration and heat treatment process was repeated until the electrode reached the 
desired weight. The desired n weight percentage of the infiltrated material is 
determined using Eq. 2-6. 
 

n wt%desired (g) =  
wtscaffold (g)

100 − n
 × n 

 

 
Figure 19: Schematic of the infiltration process 

2.6 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical or impedance spectroscopy is a popular and powerful technique 
that is used to analyze and characterize the processes happening in the ceramic 
material. During the experiment, a small AC amplitude voltage signal, E(t) (Eq. 2-7), is 
applied to the system being studied over a range of frequencies (10-3 to 106 Hz). The 
AC current response, I(t) (Eq. 2-8), of the system contains useful information about the 
interface, its structure and the electrochemical processes. In a linear system, the 
current response to the input potential signal will oscillate at the same frequency but 
shifted in phase 𝛷 (Figure 20).  
  
 

𝐸(𝑡) = 𝐸0 sin(𝜔𝑡) = 𝐸0𝑒𝑗𝜔𝑡 
 

𝐼(𝑡) = 𝐼𝑂 sin(𝜔𝑡 − 𝛷) =  𝐼𝑂𝑒𝑗(𝜔𝑡−𝛷) 
 
 

Eq. 2-7 

Eq. 2-8 

Eq. 2-6 
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Figure 20: Phase angle shift of the current response signal to the voltage signal 

 
Impedance, Z(t), is defined as the ability of a circuit to resist the flow of electrical 
current. Using Ohm’s law, Z(t) can be expressed by Eq. 2-9, which is composed of a real 
(Eq. 2-10) and an imaginary parts (Eq. 2-11).  

 

𝑍(𝑡) =
𝐸(𝑡)
𝐼(𝑡)

=
𝐸0𝑒𝑗𝜔𝑡

𝐼𝑂𝑒𝑗(𝜔𝑡−𝛷) =
𝐸𝑂
𝐼𝑂
𝑒𝑗𝛷 = 𝑍𝑂(cos𝛷 + jsin𝛷) 

 
𝑅𝑒(𝑍) = |𝑍𝑂| cos𝛷 

 
−𝐼𝑚(𝑍) = |𝑍𝑂| sin𝛷 

 
Since impedance is a complex vector, the magnitude and the direction vary as 
frequencies changes, which will be plotted in complex plane; the Nyquist plot (Figure 
21).  The semicircle in Figure 21 can be fitted with an equivalent circuit having a 
resistor, R, and a capacitor, C, in parallel (Figure 22). The relaxation time or time 
constant, τ, given by the RC parallel circuit is shown in Eq. 2-11. From this equation, RC 
are separable when the frequency of maximum loss, ωmax (Eq. 2-13). The evaluated 
capacitance value reflects the corresponding processes of the material. Table 2 below 
lists the possible interpretation of the material.  Electrochemical impedance plots 
often contain more than one semicircle. However, only part of the semicircle can be 
seen.  

 
 

 

 

 

Eq. 2-9 

Eq. 2-10 

Eq. 2-11 

𝛷 
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Figure 21: Impedance plotted in complex plane 

 
 

 
Figure 22: Equivalent circuit of semicircle 

 
 

𝜏 =
1

𝜔𝑚𝑎𝑥
= 𝑅𝐶 

 
1 = 𝑅𝐶𝜔𝑚𝑎𝑥 

 
 

 
Table 2: Typical capacitance values and their possible interpretation for 

electroceramics (155) 
  

ω 

𝛷 

ω = 0 ω = ∞ 
|Z| 

|Z|sin𝛷 

|Z|cos𝛷 

R 

C 

 Eq. 2-12 

Eq. 2-13 
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3 Characterization of LiFeO2 

3.1    Present Applications of Lithium Iron Oxide 

Recently, there has been an interest in searching for a more environmental friendly, 
more cost effective, and less toxic lithium battery positive electrode compared to the 
most commonly used LiCoO2, LiFeO2 (LFO) has been investigated as an electrode 
material for lithium-ion batteries (156; 157; 158; 159). It has been reported that LiFeO2 

increased the electrochemical activity of the cell (160; 161; 162). However, the cell 
experienced a large irreversible capacity in the first cycle.   

 
In search for a new electrode material for MCFC, LiFeO2 has been considered (163; 164; 
165). Huang reported that a coating of LiFeO2 on the porous NiO cathode enhanced 
the lifetime of the cell (166). Moreover, LFO-NiO showed a good catalytic efficiency 
close to the state of the art NiO value. When LFO was doped with magnesium,       
LiFe1-xMgxO2, electronic conductivity increased and satisfied the criteria as a cathode 
material for MCFC (167). A recent study by Wijayasinghe showed that the LiFeO2 – 
LiCoO2 – NiO compositions had a better electrical conductivity for MCFC cathode 
application (168).  

3.2 Solid State Synthesis and characterization 

LiFeO2 was prepared by reacting 1 part of Li2CO3 (Sigma-Aldrich, 99%) with 2.161 part 
of Fe2O3 (Sigma-Aldrich, 99%) by weight at 673 ˚C for 20 hours. Prior to calcination, the 
reagents were dried at 170 ˚C for 15 – 24 hours. The XRD patterns of the calcined 
powder showed that LiFeO2 was successfully formed (Figure 23) by comparing it to the 
published spectra (169; 170). The LFO powder was pressed with 1 ton pressure into 
pellets of 12 mm and 23 mm diameter using the uniaxial press and then sintered at 
850 ˚C or 950 ˚C. Upon sintering, the burgundy LFO powder formed a                        
high-temperature and disordered (α) phase (161; 171) by eliminating all low intensity 
peaks between angle 23 and 53 (Figure 23). The prepared LFO had a cubic face-
centered rocksalt structure where lithium and iron are randomly sharing the same 
octahedral sites (Figure 24). There is a 50% possibility that Li or Fe will occupy the same 
octahedral sites. 
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Figure 23: XRD patterns of LFO powder calcined at 673 ˚C  

then sintered at 850 ˚C and 950 ˚C  
 
 

 
Figure 24: Rocksalt crystal structure of LiFeO2 

 
The refinement of the XRD pattern of the sample sintered at 850 ˚C yielded a unit cell 
parameter of 4.1554(8) Å in the Fm3̄̄m space group, which is consistent with the 
previously reported data of 4.158 Å (171) and 4.162 Å (170; 169). The XRD patterns 
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LiFeO2 (170) 
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shown in Figure 23 also show that the crystal structure of LiFeO2 remained the same 
when sintered at 850 ˚C and 950 ˚C.  The sample sintered at 950 ˚C had a unit cell 
parameter of 4.1585(4) Å, which is still within the reported values. However, the 
microstructure and the density of LFO changed when sintered at higher temperature. 
SEM images in Figure 25 show that the porosity of LFO decreased with increasing 
sintering temperature. The theoretical density of LFO was calculated using Eq. 3-1, 
where FW is the formula weight, N is the Avogadro’s number, V is the volume and Z is 
the number of formula units in the cell. The relative density (Eq. 3-3) of the sintered 
pellet can be calculated by dividing the measured density (Eq. 3-2) by the theoretical 
density. Pellets sintered at 850 ˚C had a relative density of ~61% compared to 95% for 
pellets sintered at 950 ˚C. The particle sizes of the prepared LFO pellets sintered at  
850 ˚C were between 2 and 5 μm as shown in Figure 25 a. As for pellets sintered at  
950 ˚C, the particle sizes were no longer within the μm scale (Figure 25 b). 
 

 

𝐷𝑡ℎ𝑒𝑜 �
𝑔
𝑐𝑚3� =
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=
𝐹𝑊 × 𝑍 × 1.66

𝑉
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𝐷𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒(%) =
𝐷𝑚𝑒𝑎𝑠

𝐷𝑡ℎ𝑒𝑜
× 100 

      
 

    
Figure 25: SEM images of prepared LFO sintered at: a) 850 ˚C and b) 950 ˚C 

a) b) 

Eq. 3-1 

Eq. 3-2 

Eq. 3-3 
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3.3 Nitrate Aqueous Solution Based Synthesis 

Lithium nitrate, Li(NO3) (Fluka, > 98%) and iron nitrate nonahydrate, Fe(NO3)3 · 9H2O 
(Sigma-Aldrich, 99.99%) were mixed into the beaker with deionized water to produce 
the LiFeO2 (LFO) precursor solution. The LFO nitrate precursor solution was left on a 
hot plate at 80 ˚C to dry overnight. Thermal-gravimetric analysis (TGA) was conducted 
on the dried LFO nitrate precursor solution to observe its decomposition at different 
temperatures. The TGA data presented in Figure 26 shows that LFO nitrate precursor 
solution was completely decomposed at 450 ˚C and above. Moreover, XRD patterns of 
dried LFO nitrate solution sintered at 700 ˚C confirmed that pure LiFeO2 was 
successfully formed (Figure 27). The refinement of the XRD pattern for sintered LFO 
nitrate precursor solution yielded a unit cell parameter of 4.1556(7) Å, compared to 
4.1554(8) Å for LFO prepared via solid state synthesis sintered at 850 ˚C. 
 
 

 
Figure 26: Decomposition of the dried LiFeO2 nitrate precursor solution 
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Figure 27: XRD patterns of LFO synthesized via solid state (SS) synthesis sintered at  

850 °C and LFO synthesized via nitrate precursor solution sintered at 500 °C and 700 °C 

3.4 Electrical Properties of LiFeO2  

To understand the properties of LiFeO2, AC conductivity measurements were carried 
out on a pellet prepared via solid state synthesis and sintered at 850 ˚C. Platinum (Pt) 
paste was painted onto the surfaces of the pellet then sintered at 850˚C for 2 hours to 
provide contacts. The conductivity of the LFO pellet was conducted in air then 
consecutively in argon followed by argon containing 5% H2.  
 
In air at 848 ˚C, LFO conductivity was about 1.77 x 10-2 Scm-1. The conductivity, σ, of 
LFO exhibited a similar trend in air upon heating and cooling of the sample (Figure 28). 
In argon, the conductivity of LFO shifted to a different trend at 518 ˚C upon heating of 
the sample (Figure 28). At 796 ˚C in argon, the conductivity was 4.86 x 10-2 Scm-1. The 
conductivity of LFO in argon was almost three times the value in air because argon has 
a lower partial pressure of oxygen (pO2) than air. When the sample was measured in 
argon with 5% H2, there was a significant change in the conductivity at 518 ˚C. The 
conductivity of LFO followed the higher conductivity trend for temperature higher than 
518 ˚C. The change in the conductivity of LFO could indicate that the material started 
to reduce at 518 ˚C. At 719 ˚C in argon with 5% H2, LFO obtained 1.49 x 10-1 Scm-1, 
which is ten times more than that in air and three times more than that in argon. The 
conductivity of LFO seemed to be higher in a more reducing atmosphere, which 
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suggests that the reduced LFO may introduce a metallic phase such as Fe. Upon 
cooling, the Arrhenius behavior was stable and followed a positive slope because the 
sample was already reduced. In addition, the sample after the AC conductivity 
measurement in 5% H2 was conductive at room temperature, which suggests that 
reduced LFO could pose metallic conductivity.  However, some platinum contact was 
delaminated off both surfaces of the sample (Figure 29). The conductivity of LFO would 
have been higher if the sample still had intact contacts. Moreover, the recorded data 
does not reflect the true conductivity value of LFO because the lead resistance was 
significantly higher than the sample’s resistance. In Baumgartner study, the 
conductivity of LiFeO2 in air with 30% CO2 showed the similar behavior where the 
conductivity changed and followed a steeper slope from 560 ˚C and above (172).  
 
  

 
Figure 28: Arrhenius plots of LFO pellets tested in air and argon  

with and without 5% H2 
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Figure 29: Surfaces of sample after tested (AC conductivity measurement) 

 in air, Ar and argon with 5% H2 

3.5 DC Conductivity of LiFeO2  

To further understand the electronic conductivity properties of LFO, DC conductivity 
measurements were conducted using the Van der Pauw technique. Gold meshes and 
paste were used to provide contacts. Four gold contacts were sintered at 850 ˚C for     
2 hours. The measurement was conducted on the sample sintered at 850 ˚C, which had 
a relative density of ~61%.  
 
The measurement started from room temperature then slowly ramped up to 900 ˚C at 
the rate of 2 ˚C/min in argon containing 5% H2. As shown in Figure 30, LFO provided 
5.08 Scm-1 when the temperature reached 650 ˚C. The electronic conductivity of LFO 
increased as temperature increased. It obtained an electronic conductivity of           
8.15 Scm-1 and 20.8 Scm-1 at 700 ˚C and 800 ˚C respectively. The electronic conductivity 
of LFO increased to 131 Scm-1 as the temperature reached 900 ˚C. After 20 hours of 
reduction in argon containing 5% H2, the conductivity increased and leveled out to 
about 520 Scm-1.  
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Figure 30: DC conductivity of LFO from room temperature to 900 ˚C  

in argon with 5% H2 
 
 

The electronic conductivity of LFO upon redox cycling was investigated by switching off 
the 5% H2 flow then allowed air to slowly occupy the gas chamber. The temperature of 
the sample was maintained at about 900 ˚C while it was being re-oxidized. In oxidizing 
atmosphere, LFO posed poor electronic conductivity. After 50 minutes in air at 900 ˚C, 
the conductivity dropped significantly from 520 Scm-1 to 400 Scm-1 (Figure 31). The 
electronic conductivity of LFO continued to decrease linearly to 280 Scm-1 then 
decreased exponentially to 28 Scm-1 and equilibrated at about 15 Scm-1. Then when 
the temperature was decreased, the conductivity decreased (Figure 32). At 775 ˚C in 
air, LFO still had 15 Scm-1 but quickly dropped to 0.20 Scm-1 at 513 ˚C.  
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Figure 31: DC conductivity of LFO around 900 ˚C switching (at time of 0 hour)  

from argon with 5% H2 to air 
  
 

 
Figure 32: DC conductivity of LFO upon cooling from 900 ˚C to room temperature in air 
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The next phase of the DC conductivity measurement involved continuing heating the 
sample up to around 900 ˚C in air. The conductivity of LFO increased with increasing 
temperature (Figure 33). However, the conductivity of LFO in air was very low. At     
880 ˚C, LFO provided 0.7 Scm-1. Argon containing 5% H2 was introduced to reduce the 
sample again at ~ 900 ˚C. After 11 hours at 900 ˚C, the conductivity of LFO was about 
400 Scm-1 in argon with 5% H2 (Figure 34). After 20 hours of reduction, the conductivity 
reached 493 Scm-1. The conductivity of LFO increased with lower partial pressure of 
oxygen (pO2). Upon cooling in 5% H2, the reduced LFO sample presented a metallic 
behavior because the conductivity increased as temperature decreased (Figure 35). At 
32 ˚C, LFO had about 6500 Scm-1. 

 
 

 
Figure 33: DC conductivity of LFO upon heating in air 
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Figure 34: DC conductivity of LFO as a function of time at 900 ˚C in argon with 5% H2  

 
 

 
Figure 35: DC conductivity of LFO upon cooling in argon with 5% H2 
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When the tested LFO sample was taken out of the testing rig, the color of the pellet 
changed from deep rusty burgundy (Figure 36 a) to metallic silvery yellow (Figure 36 
b). The surfaces of the pellet were no longer smooth. In addition, the pellet had 
warped, giving it the curvature and formed a cap-like shape.  Moreover, the reduced 
LFO was volatilized and reactive toward the alumina sample holder. It attacked the 
alumina which changed its color from white to grey and also made its structure brittle 
(Figure 36 c). Figure 36 d shows the magnetic behavior of the LFO sample reduced at 
900 °C for 20 hours.  The picture was taken by placing a magnet under the paper that 
contained the fine powder. 
 

 
Figure 36: Images of LFO pellet a) before, b) after DC conductivity measurement; 

c) alumina sample holder after testing; d) reduced LFO at 900 ˚C for 20 h 
 

SEM imaging was used to capture the microstructure of the pellet after testing. Upon 
reduction, LFO particles had agglomerated into larger sizes while maintaining a porous 
structure inside the sample (Figure 37 a). On the surfaces of the tested pellet, large 
particles were bridging together. In addition, some particles seemed to have a shiny 
metallic tone (Figure 37 b). The metallic tone could possibly be the iron metals that 
exsolved out of the LFO structure after reduction. 

 
 

  
Figure 37: SEM images of LFO sample after DC conductivity measurement: 

a) the inside and b) the surface of the pellet 

a) b) 

a) b) c) 
d) 
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3.6 Reduction Study of LiFeO2  

In order to understand the behavior of the reduced LFO, the pellets were reduced at 
different temperatures in argon containing 5% H2 for 20 hours. Table 3 summarizes the 
properties of the reduced LFO at different temperatures. All pellets used for this study 
were sintered at 850 ˚C. Because of this, the relative densities (D) of the pellets before 
reduction ranged from 57% to 62%.  
 
This study showed the decomposition of LFO during the reduction process as the 
temperature increased. With increasing reduction temperature, the weight loss 
increased. If LiFeO2 was to decompose to Fe and Li2O, then it would lose 1.5 oxygen or 
~26% of its original weight (Eq. 3-4). At 850 ˚C, LFO lost about 21% of its original 
weight, which equated to about 1.31 oxygen. As the reduction temperature increased, 
LFO also became more porous. In addition to this, the pellets started to pose magnetic 
behavior when reducing at 600 ˚C or higher.  The magnetic behavior of the reduced 
sample was noted by observing its attachment to the magnet at room temperature. 
Samples reduced at 700 ˚C and higher were completely conductive at room 
temperature. Pellets reduced at 650 ˚C and below were partially conductive at room 
temperature. Reducing LFO above 650 ˚C seemed to have a significant change in its 
conductivity. Images of LFO samples after 20 hours of reduction at different 
temperatures (Figure 38) showed that the color of the samples changed from the rusty 
burgundy to different shades of grey. In addition, as the reducing temperature 
increased, the curvature of the sample increased. At lower reducing temperature of 
500 °C and 600 °C, the reduced samples still retained some of their original color, 
which can be seen around the edge of the pellets. The sample reduced at 850 °C had a 
silvery metallic color. 
 
 

𝐿𝑖𝐹𝑒𝑂2 →  
1
2
𝐿𝑖2𝑂 + 𝐹𝑒 +

𝟑
𝟒
𝑶𝟐 ↑ 

 
 
 
  

94.79  g 25 g  -26.6 % 

Eq. 3-4 



42 
 

Temp 
(˚C) 

Before Reduction After  20h of reduction in 5% H2 

Weight 
(g) D (gcm-3) Relative 

D (%)  
Weight 

(g) 
Change 
wt (%) Magnetic 

Conductive @ 
room temp 

same 
surface 

opposite 
surface 

500 0.5429 2.696 62 0.5372 -1.05 no no no 

600 0.5434 2.686 61 0.5382 -0.96 yes partial no 

650 0.5909 2.716 62 0.5565 -5.82 yes yes partial 

700 0.5349 2.478 57 0.4828 -9.74 yes yes yes 

750 0.5343 2.712 62 0.5205 -2.58 yes yes yes 

800 0.5118 2.677 61 0.4254 -16.88 yes yes yes 

850 0.5256 2.641 60 0.4155 -20.95 yes yes yes 

Table 3: Characteristics of reduced LFO pellets at different temperatures  
in argon containing 5% H2  

 

 
Figure 38: Images of LiFeO2 samples after 20h of reduction 

in argon with 5% H2 at different temperatures 
 
 

SEM images of the reduced samples showed that the microstructure of LFO changed as 
the temperature of reduction increased. Figure 39 presents the SEM images of LFO 
before reduction, after being reduced at different temperatures for 20 hours, and after 
DC conductivity measurements.  As the reduction temperature of LFO increased, the 
particles agglomerated. The sample reduced at 850 °C had a porous structure with 
agglomerated particles that were necking and bridging together, therefore forming a 
continuous path. Due to this phenomenon, the electrons could travel more freely. This 
is also supported by the electronic conductivity results. Since the sample used for the 
DC conductivity measurement was reduced at 900 °C, the particles were much bigger 
compared to that of sample reduced at 850 °C.  
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Figure 39: SEM images of LFO surfaces a) before reduction,  

b) after DC conductivity test, after 20h of reduction at c) 500 °C,  
d) 600 °C, e) 650 °C, f) 700 °C, g) 800 °C and h) 850 °C in argon with 5% H2. 

(a) LFO before reduction  (b) LFO after DC conductivity Test  

(d) LFO-after reduction @ 600C  

(f) LFO-after reduction @ 700C  (e) LFO-after reduction @ 650C  

(c) LFO-after reduction @ 500C  

(g) LFO-after reduction @ 800C  (h) LFO-after reduction @ 850C  
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XRD patterns of the reduced pellets were investigated to determine the phase 
composition of the reduced LiFeO2. Figure 40 presents the XRD patterns of pellets 
reduced for 20 hours at different temperatures in argon containing 5% H2. For the XRD 
patterns of samples reduced at 500°C and 600°C, Al peaks are presented at at 38.5° 
and 78.2°. This could due to the fact that the XRD samples were scanned in pellet form 
and the pellets were slightly smaller than the aluminum sample holder. Since the 
shapes of the reduced pellets posed some curvature, pellets reduced at 650 ˚C were 
ground into fine powder for scanning. The reduced LiFeO2 decomposes and introduces 
two more phases: Fe and Li5FeO4. The metallic Fe introduces electronic conductivity to 
the reduced LiFeO2. By partially reducing LiFeO2 to Fe, the system may also benefit 
from having some ionic conductivity by introducing oxygen vacancies. As the reduction 
temperature increased, the intensity of the Li5FeO4 and Fe peaks became more 
pronounced. LFO samples reduced at 700 ˚C introduced another peak of Li5FeO4 at 13°.  
 

 
Figure 40: XRD patterns of LFO pellets reducing in argon containing 5% H2 for 20 hours 

at different temperatures 
 

The refinements of the XRD patterns in the space group Pbca for the unit cell 
parameters of the Li5FeO4 phase are presented in Table 4. Table 6 presents the unit cell 

from the refinements in the space groups Fm3̄̄m and Im3̄̄m for the LiFeO2 and Fe 
phases respectively. As shown in  

 850˚C 
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Figure 41, the unit cell parameter of LiFeO2 increased as the temperature increased 
under reducing atmosphere. The expansion of the unit cell parameter of LiFeO2 with 
respect to the temperature also suggests that the system tolerates some vacancies. 
 
 

Reduction temp 
(˚C) for 20 H 

Li5FeO4 phase 
cell parameter a (Å) 

Li5FeO4 phase 
cell parameter b (Å) 

Li5FeO4 phase 
cell parameter c (Å) 

650 9.219(3) 9.191(4) 9.237(7) 
700 9.127(10) 9.234(3) 9.279(9) 
850 9.210(3) 9.165(3) 9.133(5) 

Table 4: Unit cell parameters of the Li5FeO4 phase for sample reduced in argon with 5% 
H2 for 20 hours at different temperatures 

References 
Li5FeO4 phase 

cell parameter a (Å) 
Li5FeO4 phase 

cell parameter b (Å) 
Li5FeO4 phase 

cell parameter c (Å) 
Luge and Hoppe (173) 9.218(1) 9.213(1) 9.159(1) 
Demoisson et al. (174) 9.191 9.142 9.215 

Hirano et al. (175) 9.2048(5) 9.2297(5) 9.2097 

Table 5: Unit cell parameters of the Li5FeO4 phase reported from literatures 

Reduction temp 
(˚C) for 20 H 

LiFeO2  phase 
Unit cell 

parameter(Å) 

Fe phase 
Unit cell parameter (Å) 

500 4.1620(7) 2.8700(5) 
600 4.1661(3) 2.8677(7) 
650 4.1702(3) 2.86803(6) 
700 4.1715(4) 2.8676(3) 
850 4.1725(3) 2.86758(4) 

Table 6: Unit cell parameters of the LiFeO2 and Fe phases for sample reduced 
 in argon with 5% H2 for 20 hours at different temperatures 

References 
Fe phase 

Unit cell Parameter  (Å) 
Fang et al. (176) 2.864 

 Ohba et al. (177); Swanson and Tatge 
(178); Owen and Williams (179) 2.866 

Crisan and Crisan (180) 2.869 

Table 7: Unit cell parameters of the Fe phase reported from literatures 
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Figure 41: Unit cell of the LiFeO2 phase with respect to the reduction temperature 

 
From this observation, if LiFeO2 was to fully decompose into Li5FeO4 and Fe, it would 
lose about 1.2 moles of oxygen, which would equate to about 20.25% weight loss of 
the original LiFeO2 (Eq. 3-5). As summarizes in Table 3, the LFO sample reduced at    
850 ˚C for 20 hours had a weight loss of about 20.95%, which was very close to the 
theoretical value of 20.25%. However, the XRD patterns of the reduced pellets show 
that the original LiFeO2 material is also present. The measured weight loss of the 
sample reduced at 850 ˚C should not be higher than 20%. This error could come from 
handling of the samples and the calibration of the scale. When the LFO pellets were 
reduced at 800 ˚C and 850 ˚C, they reacted to the alumina sample holder and some of 
the material could be lost while removing the samples out of the alumina boat. 
Interestingly, the crystal structure of LFO sample reduced at 700 ˚C and 850 ˚C were 
fully reversed upon re-oxidation (Figure 42).  
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Figure 42: XRD patterns of LFO samples reduced at 700 ˚C and 850 ˚C in argon 

containing 5% H2 for 20 hours then re-oxidized at the same temperature and time 
 

Reduction of the LFO sample was conducted using the TGA technique to monitor the 
weight change. Thermo-gravimetric analysis was performed on reducing the LFO 
powder from room temperature to 850 ˚C and dwelled for 2 hours then ramped down 
to room temperature in argon with 5% H2. Upon heating and cooling, the temperature 
was ramped at the rate of 10 ˚C/min. LFO started to lose weight at 550 ˚C at the rate of 
1.82% (Figure 43). However, LFO lost weight at a faster rate of 4.36%, when the 
temperature of the furnace reached 850 ˚C. For 2 hours of reduction in argon with 5% 
H2 at 850 °C, LFO lost about 6.18% of its original weight which equated to a loss of 0.37 
moles of oxygen molecules.  
 
 

 Red @ 850˚C 

 Red @ 700˚C 

 Redox @ 700˚C 

 Redox @ 850˚C 

LiFeO2 peaks 
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Figure 43: TGA measurement of the LFO powder being reduced at 850 °C 

 in argon with 5% H2 for 2 hours 
 

The LFO sample that was reduced at 850 °C for 20 hours in argon containing 5% H2 was 
re-oxidized for the same amount of time (Figure 44). Thermo-gravimetric analysis data 
of the measurement showed that the re-oxidized sample gained 7.9% in weight from 
room temperature to 650 ˚C. This weight gain may be due to an uptake of H2O and O2, 
which in turn may form Fe(OH)2, and Fe2O3 respectively. After reduction, the sample 
was stored in a small glass jar at atmospheric condition. It is possible for the sample to 
absorb some moisture from the air. Fe(OH)2 is known to form Fe2O3 at temperature 
ranging from 150 ˚C to 600 ˚C (181; 182; 183). The possible mechanism is presented in 
Error! Reference source not found.. However, the XRD pattern of the LFO sample 
reduced at 850˚C showed that LiFeO2 was still presented which means that the sample 
was not fully reduced to Li5FeO4 and Fe. Due to this reason, the weight gain percentage 
of the oxidized sample was less than 30%. Interestingly, the sample started to 
decompose at temperature greater than 650 ˚C. If the sample was to lose only H2O and 
H2, it would lose about 4% of its weight (Eq. 3-7), which was ~17% of the calculated 
weight gain (Eq. 3-6). However, the measured weight loss percentage compared to the 
weight gain percentage was about a third. This observation suggested that water and 
H2 were not the only substances that the sample was releasing. It is possible that it also 
lost CO2 to form FeO from FeCO3. 
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Figure 44: TGA measurement of reduced (at 850 ˚C in argon with 5% H2 for 20 h) LFO 

sample being re-oxidized at 850 ˚C in air for 20 h 

3.7 Thermal Expansion Coefficient of LiFeO2 in Air 

To determine the compatibility of LiFeO2 and the electrolyte, the TEC of LiFeO2 was 
measured in air (Figure 45). Upon heating from room temperature to ~831 ˚C, LFO had 
an average TEC value of 18.8 x 10-6 K-1. Upon cooling to room temperature, the TEC 
value of LFO was about 19.5 x 10-6 K-1. The average TEC values of LFO, 19 x 10-6 K-1 is 
much greater compared to that of 8YSZ, 10.5 x 10-6 K-1 (184), and CGO, 12.5 x 10-6 K-1 

(185). The big difference in the TEC values between LFO and the 8YSZ and CGO 
electrolyte may cause the LFO electrode to delaminate from the electrolyte. 

75.59 g 98.79 g  

4 g  - 4% 

23.2 g +30% 
 

Eq. 3-7 

Eq. 3-6 
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Figure 45: TEC measurement of LFO in air at from room temperature to ~830 ˚C 

3.8 Summary 

LiFeO2 was successfully synthesized via solid state synthesis and nitrate solution based 
synthesis. Under reducing atmosphere in argon containing 5% H2, LFO poses good 
electronic conductivity. The electronic conductivity of LFO increased with increasing 
temperature and reduction time. In air, LFO poses very poor electronic conductivity. 
XRD patterns of the reduced sample at 650 ˚C showed that LFO decomposed and 
introduced 2 more phases: Fe and Li5FeO4. In addition, the sample reduced at 650 ˚C 
was partially conductive at room temperature compared to fully conductive to samples 
when reduced at 700 ˚C and above. This observation could suggest that reducing LFO 
at 650 ˚C and above had a greater effect on its conductivity and stability. However, 
SEM images of the reduced sample showed that the particles of LFO agglomerated as 
the reduction temperature increased. Interestingly, the crystal structure of LFO is 
reversibly attained upon re-oxidation.  
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4 LFO anode on 8YSZ electrolyte supported cell 

Presently, the predominant electrolyte material used for the high temperature solid 
oxide fuel cell (SOFC) is 8 mol% yttria-stabilized zirconia (8YSZ). Due to this reason, 
8YSZ was considered as the electrolyte and the electrode scaffold materials. The 
average calculated TEC value for LFO in air was 19 x 10-6 K-1. However, the TEC value of 
8YSZ electrolyte between room temperature and 800 ˚C is only 10.5 x 10-6 K-1 (184), 
which is about half the TEC value of LFO in air. Since there is a big difference in TEC 
value between LFO and 8YSZ, the mechanical stress between two materials may cause 
the LFO electrode to delaminate off the 8YSZ electrolyte. To circumvent this problem, 
the 8YSZ electrolyte supported cell was prepared via tape casting and the functional 
material was infiltrated into the porous and stable scaffold. 

4.1 Experimental  

4.1.1 Tape Casting of 8YSZ electrolyte-supported cell 

The 8YSZ tape casting technique and process presented in this chapter was performed 
at the University of Pennsylvania. This particular tape casting technique and process 
was well studied and investigated by R. Gorte, J. Vohs and their colleagues (186; 145; 
187).   
 
The preparation of the slurries involved a 2-stage milling procedure. In the first milling 
stage, 8YSZ (TZ-8Y, Tosoh, SSA = 16±3 g m-2) powder was added to a mixture of solvent 
(ethanol and xylenes) along with the dispersant (Menhaden fish oil, Richard E. Mistler 
Inc.) The binder, polyvinyl butyral, (PVB-98, Solution Inc.), was also added in the first 
milling stage. As for the porous-scaffold slurry, the pore former, graphite (300 mesh, 
Alfa Aesar), was added to the first stage of milling.  Zirconia balls of 5 mm in diameter 
were used to mill and dispersed the powder. After 24 hours of milling, the plasticizers, 
(polyethylene glycol, PEG 400 MW, Alfa Aesar and benzyl butyl phthalate Sigma 
Aldrich) were added then milled for another 24 hours. Formulations of both the 8YSZ 
electrolyte and the scaffold are presented in Table 8.  The slurry was cast and then 
dried overnight over the support with flowing air.  
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Compositions Dense Electrolyte (g) Porous Scaffold (g) 

8YSZ Powder  40 40 

Graphite - 30.6 

Fish oil 0.8 0.9 

Ethanol  17.5 12.5 

Xylenes 10 50.3 

Butvar (PVB) 3 16.2 

PEG 1.2 6.95 

BBP 1.2 6.95 

Table 8: Formulations of green 8YSZ electrolyte and porous scaffold tapes 

4.1.2 Fuel Cell Preparation 

The dense and porous tapes were used to prepare a tri-layer wafer 
(scaffold/electrolyte/scaffold) by punching the tapes into circular shapes. Three layers 
of the cut green tapes were laminated together then sintered at 1500 °C for 4 hours. 
The sintering program included 2 hours of dwelling at 300 °C to allow the organic 
additives to decompose (Figure 46). Upon heating, the furnace was also programed to 
dwell at 800 °C for an additional 2 hours to allow the graphite pore former to burn out. 
A slow ramp rate of 2 °C/min was used for heating and cooling of the furnace. This was 
done in order to prevent the ceramic from thermally induced cracking. As shown in 
Figure 47, the sintered cell had an electrolyte thickness of 70 µm and a porous scaffold 
of 50 µm on each side 
 
 
 
 
 
 
 
 
 
 

Figure 46: Sintering Program of the 8YSZ electrolyte-supported cell 

1500 °C – 4H 

300°C - 2H 

800 °C - 2H 

2°C/min 

2°C/min 

2°C/min 

2°C/min 
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Figure 47: SEM cross-sectional image of a) the sintered 8YSZ electrolyte-supported  

cell with empty scaffold; b) zoomed-in of the empty scaffold 
 

For the cathode, the La0.8Sr0.2FeO3-δ (LSF) nitrate precursor solution was made by 
dissolving La(NO3)3 · 6H2O (Alfa Aesar, 99%), Sr(NO3)3 (Alfa Aesar, 99.9%), and Fe(NO3)3 

· 9H2O (Fisher Scientific, 98.4%) together in deionized water. Citric acid was added to 
the LSF aqueous nitrate solution in a 1:1 molar ratio with the metal cations. The citric 
acid acts as a complexing agent that allows the desired perovskite phase to form at 
lower temperature. As for the anode, LiFeO2 (LFO) nitrate precursor solution was 
prepared using Li(NO3) (Alfa Aesar, 99%) and Fe(NO3)3 · 9H2O (Sigma-Aldrich, 99.99%).  
 
The fabrication of the fuel cell started with infiltrating the LSF aqueous precursor 
solution into the 8YSZ scaffold for the cathode. The LSF infiltrated 8YSZ electrode was 
heat treated at 450 °C to decompose the nitrate. The impregnation process was 
repeated until the cathode reached a weight gain of 40%. The cell then was sintered at 
850 °C for 3 hours. The anode was impregnated with the LFO nitrate solution to obtain 
30 wt% (weight %) or 40 wt% then sintered at 700 °C for 3 hours. Figure 48 displays the 
cross-sectional images of the scaffold after the infiltration of the functional materials. 
SEM images show that nano-LSF particles were successfully deposited onto the 8YSZ 
scaffold. The SEM images in back scattering mode of the of the cathode show the 
brighter LSF nanoparticles coated the surface of the 8YSZ scaffold. The LFO particles 
also formed a continuous coating over the scaffold. However, the particle size of the 
deposited LFO seemed to be larger than that of the LSF. Back-scattering images in 
Figure 48 show that the infiltrated electrodes were still porous after the impregnation 
of the functional materials. The back scattering images of the anode show that the 
infiltrated LFO particles form clusters around the bright 8YSZ scaffold.  

70 µm thick electrolyte 

50 µm thick scaffold a) b) 
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Figure 48: Cross-sectional images of scaffold infiltrated with 40 wt% LSF in  

a) SEM and b) back-scattering modes; scaffold infiltrated with 30 wt% LFO in  
c) SEM and d) back-scattering modes; scaffold infiltrated with 40 wt% LFO in  

e) SEM and f) back-scattering mode 
 
 

a) b) 

c) d) 

e) f) 

8YSZ 8YSZ 

LSF 

8YSZ 

LFO 

8YSZ 

LFO 
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Energy dispersive x-ray spectroscopy (EDX) is used for elemental analysis by detecting 
the interaction of the x-ray excitation and the sample. This technique would be useful 
in analyzing different elements in the infiltrated scaffold. Silver wires were wound into 
a ring that defined the working area of 0.35 cm2 of the cell.  Silver paste (SPI Supplies) 
was used to paste the contacts onto the surfaces of the electrodes then sintered for    
1 hour at 500 °C. 

4.1.3 Fuel Cell Testing 

The prepared fuel cell was mounted on top of an alumina tube using a ceramic 
(Aremco, Ceramabond 552) as an adhesive and sealant. Figure 49 illustrates the 
physical set up for the fuel cell testing of those 8YSZ electrolyte-supported cells. The 
mounted fuel cell was positioned horizontally in a tube furnace. Electrochemical 
impedance spectroscopy was conducted in the frequency range between 0.1 Hz to 100 
kHz.  
 

 
Figure 49: Fuel cell testing set up for 8YSZ electrolyte-supported cell 

 

4.2 Performance of LFO Anode on 8YSZ 

4.2.1 Testing of cell infiltrated with 30 wt% LFO for the anode and 40wt% LSF for 
the cathode 

For the 8YSZ electrolyte-supported cell infiltrated with 40 wt% LSF for the cathode and 
30 wt% for the anode, the initial fuel cell performance was examined. Impedance 
spectroscopy was performed at open-circuit-voltage (OCV) with a range of 
temperatures (650-800 °C) when humidified (3% H2O) H2 was flown into the anode 
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chamber while the cathode was exposed to stagnant air. VI measurements were also 
conducted on the same cell at different temperatures in humidified H2. At 650 °C, the 
cell had a low OCV of only 0.87 V which was likely to be caused by leakage. As shown in 
Figure 50 at 650 °C, the cell had a series resistance, RS, of 0.4 Ωcm2 and a total 
resistance, RT, of 15 Ωcm2. As the temperature increased to 700 °C, the area specific 
resistance (ASR) of the cell decreased to 0.28 Ωcm2 and 8 Ωcm2 for the series and total 
resistances respectively. However, the ASR of the cell increased as the testing 
temperature rose to 750 °C. From the tested temperature range, the cell obtained a 
largest total resistance, RT, of 21 Ωcm2 at 750 °C, where 4.6 Ωcm2 and 16.4 Ωcm2 were 
contributed from the series and polarization resistances, RP, respectively. At 800 °C, 
the total resistance of the cell decreased to 16.5 Ωcm2 where 3.6 Ωcm2 was 
contributed from the series resistance. All the impedance spectra captured at OCV 
with varying temperatures demonstrated that the resistance of the cell was greatly 
dominated by the polarization resistance. The unstable recorded impedance response 
was caused by the fuel leakage. Since the cell had a lowest ASR and also the highest 
OCV of 0.91 V at 700 °C, the best performance was also obtained at 700 °C with a 
maximum power density of 50 mWcm-2 (Figure 51) in humidified H2. Similar to the 
impedance results, the cell performed the worst at 750 °C and obtained a maximum 
power density of 9 mWcm-2. As mentioned in the above section, LFO is unstable and 
decomposed under reducing atmosphere. When the operating temperature of the cell 
increased to 700 °C, it was tested at the edge of the stability limit of LFO. Increasing 
the operating temperature of the cell above 700 °C pushes the anode to operate in its 
unstable zone, which in turn worsen the performance. 
 

 
Figure 50: Impedance spectra of the cell with 30 wt% LFO as anode and 40 wt% LSF as 

cathode at different temperatures. Humidified H2 was supplied to the anode while 
cathode was exposed stagnant air. 
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Figure 51: VI and performance curves as a function of current density of the cell with 
30 wt% LFO as anode and 40 wt% LSF as cathode. Humidified H2 was supplied to the 

anode while cathode was exposed stagnant air. 
 

In order to determine the overpotential of the cell being tested, impedance 
spectroscopy at different operating currents was performed at 700 °C. As the current 
density increased, the ASR of the cell increased (Figure 52). Under working condition, 
the cell overpotential was greatly dominated by the polarization resistance (Figure 53). 
As the current density increased, there was little change in the series resistance.  
 

 
Figure 52: Impedance spectra of the cell with 30 wt% LFO as anode and 40 wt% LSF as 
cathode at 700 °C under different currents. Humidified H2 was supplied to the anode 

while cathode was exposed stagnant air. 
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Figure 53: Overpotential curves of the cell with 30 wt% LFO as anode and 40 wt% LSF 

as cathode at 700 °C. Humidified H2 was supplied to the anode while cathode was 
exposed stagnant air. 

 
DC conductivity of the impregnated 8YSZ bar 
 
To further understand the electronic property of the anode, a DC conductivity 
measurement was performed on the 8YSZ bar infiltrated with 30 wt% LFO. In order to 
ensure that the microstructure of the 8YSZ bar infiltrated with LFO was the same as 
the tested anode, the thick porous-formulated-casted tapes were laminated together 
then cut and sintered to form a porous 8YSZ bar. The 8YSZ bar infiltrated with 30 wt% 
LFO was reduced in humidified H2 for 3 hours at 800 °C. After reduction, 4 silver 
contacts were attached to the bar using silver paste. At 500 °C, the conductivity of the 
pre-reduced bar in humidified H2 improved with increasing temperature and peaked at 
600 °C with 0.01712 Scm-1 (Figure 54). However, above 600 °C, the conductivity of the 
bar decreased with increasing temperature. At 700 °C, the conductivity of the bar was 
0.0135 S cm-1, which then decreased to a value of 0.0046 Scm-1 at 800 °C. Upon 
cooling, the conductivity of the bar decreased as the temperature decreased. 
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Figure 54: Conductivity of a 8YSZ bar infiltrated with 30 wt% LFO  

after 3 hours of reduction at 800 °C in humidified H2 

4.2.2 Increasing the weight loading of LFO to 40% 

DC conductivity measurement of the impregnated 8YSZ bar  
 
In the LFO infiltrated 8YSZ bar, LFO is providing the electronic conductivity. Since the 
electronic conductivity of the bar infiltrated with 30 wt% LFO was low, a porous 8YSZ 
bar was infiltrated with 40 wt% LFO to improve the conductivity. The more weight 
loading of LFO in the porous bar would increase the electronic network to provide 
more paths for the electrons, which in turn increase the electronic conductivity. The 
bar infiltrated with 40 wt% LFO was also reduced at 800 °C for 3 hours in humidified 
H2. However, increasing the LFO weight loading in the 8YSZ bar did not increase its 
electronic conductivity.  
 
From the conductivity measurement, LFO started to reduce at ~520 °C in argon 
containing 5% H2. The conductivity of LFO was responsible for the rise in the 
conductivity of the impregnated 8YSZ bar as the testing temperature increased from 
500 °C to 600 °C. The electronic conductivity of the bar peaked at 600 °C with only 
0.009 Scm-1 (Figure 55). At 600 °C, the conductivity of the 8YSZ bar infiltrated with 40 
wt% was half the value obtained from the 8YSZ bar impregnated with 30 wt% LFO. At 
650 °C, the conductivity obtained from the bar was the same as at 600 °C. Similar to 
the bar infiltrated with 30 wt% LFO, the conductivity decreased with increasing 
temperature. As the testing temperature of the infiltrated bar increased, LFO was 
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became unstable at temperature above 650°C then started to degrade. At 700 °C, the 
conductivity was 0.0039 Scm-1 then lowered to 0.0001 Scm-1 at 800 °C. 
 
 

 
Figure 55: Conductivity of a 8YSZ bar infiltrated with 40 wt% LFO  

after 3 hours of reduction at 800 °C in humidified H2  

 
Fuel cell testing  
 
Electrochemical impedance spectra and performance measurements of the cell 
infiltrated with 40 wt% LFO for the anode and 40 wt% LSC for the cathode were 
conducted at different temperatures. The test was performed while humidified H2 was 
supplied to the anode and the cathode was exposed stagnant air. Similar to the cell 
infiltrated with 30 wt% LFO, the impedance spectra at OCV of the cell infiltrated with 
40 wt% LFO shown in Figure 56 display no changes in the series resistance at 650 °C 
and 700 °C. The performance of the cell increased as the temperature increased from 
650 °C to 700 °C because there was an improvement in the electrochemical activity of 
the cell. At 700 °C, the cell obtained the lowest total resistance of ~34 Ωcm2, which is 4 
times higher than the measured RT value of the cell infiltrated with 30 wt% LFO. As the 
testing temperature increased to 750 °C, LFO was unstable and started to degrade, 
which in turn worsen the performance of the cell.  At 750 °C, the ASR of the cell 
increased to 15 Ωcm2 and 65 Ωcm2 for the series and total resistances respectively. The 
measured impedance spectra under OCV indicated that the polarization resistance was 
the dominant component of the total resistance of the cell. The measured impedance 
spectra also reflects the performance of the cell at different temperatures. As shown in 
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Figure 57, the cell obtained an OCV of 0.93 V and had a highest maximum power 
density of 9 mWcm-2 at 700 °C in humidified H2. Compared to the cell infiltrated with 
30 wt% LFO, the performance was lowered by a factor of 5.5, 50 mWcm-2 to 9 mWcm-2. 
Within the tested temperature range, the cell performed the worst at 750 °C by 
achieving a maximum power density of 3.3 mWcm-2.  
 
 

 
Figure 56: Impedance spectra of the cell with 40 wt% LFO as anode and 40 wt% LSF as 
cathode at OCV at different temperatures. Humidified H2 was supplied to the anode 

while the cathode was exposed to stagnant air. 
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Figure 57: IV and performance curves of the cell with 40 wt% LFO as anode and 40 wt% 

LSF as cathode at different temperatures. Humidified H2 was supplied to the anode 
while the cathode was exposed to stagnant air. 

 
Impedance spectra shown in Figure 58 indicate that the electrochemical activity of the 
cell was poor under working condition of 10 mA at 700 °C. The polarization resistance 
dominated the total resistance of the cell. Compared to the measured RS value of    
10.9 Ωcm2, the obtained RP value of 47.3 Ωcm2 was four times greater.  
 

 
Figure 58: Impedance spectra of the cell with 40 wt% LFO as anode and 40 wt% LSF as 

cathode at 700 °C at 10 mA. Humidified H2 was supplied to the anode while the 
cathode was exposed to stagnant air. 
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Compatibility test 
 
Due to the poor performance of the 8YSZ electrolyte-supported cell infiltrated with 
LFO, a compatibility study of LFO and 8YSZ was performed. 50 wt% of LFO and 50 wt% 
of 8YSZ powders were mixed together then fired at 1000 °C in air for 24 hours. XRD 
patterns of the mixed sintered powder presented in Figure 59 show additional peaks 
indicating that 8YSZ and LFO were reacting with each other. This solid state reaction 
may cause the cell to perform poorly. More weight loading of LFO also decreased the 
electrochemical activity. Moreover, the reaction between LFO and 8YSZ seems to 
reduce the electronic conductivity of 8YSZ scaffold infiltrated with LFO.  
 
 

 
Figure 59: XRD Patterns of LFO, 8YSZ and mixture of 8YSZ & LFO 

 after sintering at 1000 ˚C for 24H in air 

4.3 Summary  

Since the TEC value of LFO was much higher compared to the commonly used 8YSZ 
electrolyte, the button cell was fabricated using the tape casting and infiltration 
methods. The cathode was prepared by infiltrating 40 wt% LSF while the anode was 
loaded with 30 or 40 wt% LFO into the 8YSZ scaffold.  
 
As the electrochemical activities of the cell increased from low testing temperature to 
700 °C, the performance of the cell increased. However, LFO started to reduce at 
temperature ~520 °C. When the testing temperature of the cell reached 700 °C, LFO 
was being tested at the edge of its stability. Performance of the 8YSZ electrolyte 
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infiltrated with 40 wt% LSF for the cathode and 30 wt% LFO achieved a highest 
maximum power density of 50 mWcm-2 in humidified H2 at 700 °C. The cell started to 
degrade when testing above 700 °C.  
 
In order to improve the electronic conductivity of the anode, 40 wt% LFO was 
impregnated into the 8YSZ scaffold. However, increasing the weight loading of LFO to 
40% did not improve the electronic conductivity. This was due to the fact that LFO and 
8YSZ react with each other. XRD pattern from the compatibility testing revealed 
addition peaks others than LFO and 8YSZ.  
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5 CGO electrolyte as an alternative to 8YSZ electrolyte 

In order to continue the investigation of the performance of LiFeO2 as an anode 
material for SOFC, gadolinia doped ceria was considered as an alternative electrolyte 
material to 8YSZ. Ce0.9Gd0.1O1.95-δ (CGO/GDC) electrolyte is one of the best oxygen ion 
conductors for the intermediate temperature SOFC that operates in the temperature 
range around 600 °C.  
 
Compatibility study of LFO and CGO was performed by mixing 50 wt% of LFO powder 
with 50 wt% of CGO powder. This mixture was subsequently sintered together at    
1000 ˚C for 24 hours in air. The XRD patterns of the sintered CGO and LFO powders, as 
can be seen in Figure 60 indicates that CGO and LFO did not react with each other. 
Unlike the XRD patterns of the sintered 8YSZ & LFO powder, the CGO & LFO powder 
did not have any unidentified peaks. 
 
 

 
Figure 60: XRD Patterns of LFO, CGO and mixture of CGO & LFO 

after sintering at 1000 ˚C for 24H in air 
 
 

Similar to the study of 8YSZ electrolyte-supported cell with a LFO anode, the CGO 
electrolyte-supported cells with CGO scaffold was fabricated by tape-casting. LFO was 
then infiltrated into the CGO scaffold as an anode material to examine its performance 
as a fuel cell. In this study, La0.6Sr0.4CoO3–δ (LSC) was infiltrated as the cathode material. 

CGO & LFO  

 CGO  
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5.1 Experimental 

5.1.1 Tape Casting of CGO Electrolyte-Supported Cell 

The CGO electrolyte-supported samples with porous backbone were prepared by tape 
casting. The preparation of the CGO slurries also included a 2-stage milling process. 
The organic additives used to make the CGO slurries were slightly different compared 
to the 8YSZ formulation that was prepared at the University of Pennsylvania.  
 
The CGO slurries were formulated at the University of St. Andrews. They were 
developed using a binary solvent system consisted of a mixture of methyl ethyl ketone 
(MEK, Fisher Scientific Ltd) and absolute ethanol (60/40 % by weight) (137; 188; 189; 
190). The dense electrolyte and porous scaffold tapes were produced using the 
gadolinia doped ceria powder, which has the chemical composition Ce0.9Gd0.1O1.95-δ 
(Kceracell, d50 = 0.4-0.8 µm). For the first milling process, the CGO powder, dispersant, 
Triton QS-44 (Dow Europe GmbH), and the solvent along with the 10 mm zirconia balls 
were added into the Nalgene bottle (Sigma Ltd). For the formation of the porous tape, 
flaked graphite (Fisher Chemicals) and spherical glassy carbon (Alfa Aesar, 10-20 
micron) were added in the first stage of the milling process. The mixture was ball-
milled at a speed of 160 rpm for ~24 hours. The first milling stage allowed the balls to 
crush and break down soft agglomerates while dispersing the particle homogenously in 
the solvent. In the second milling stage, the binder, (PVB-98, Sigma), and plasticizers, 
(dibutyl phthalate, DBP, Fisher Scientific Ltd. and polyethylene glycol, PEG, Sigma-
Aldrich) were added to the dispersed mixture. Once the binder was added to the 
mixture, it tended to form large agglomerates. The bottle was then clamped onto a 
shaker that vibrated for 30 minutes to help dissolve the binder. Once most of the 
binder was dissolved, the bottle was milled for 6 hours at the speed of 100 rpm. Prior 
to casting the slurry, the bottle was rotated slowly for at least 1 hour to allow the 
trapped air bubbles to escape from the slurry. The final formulations for both the 
dense and porous CGO tapes are displayed in Table 9. 
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Compositions Dense Electrolyte (g) Porous Scaffold (g) 

CGO Powder  40 13 

Graphite - 10 

Glassy Carbon - 0.2 

Triton 0.279 0.162 

Solvent 20 16.85 

Butvar (PVB) 4 2.55 

PEG 2.6 1.85 

DBP 2.4 2.09 

Table 9: Tape casting slurry formulations for the dense CGO electrolyte  
and porous scaffold 

A TTC-1000 tape caster (Richard E Mistler Inc) was used. Nylon net was used to catch 
the zirconia balls while pouring the slurry into the reservoir. The tape was casted onto 
the moving carrier film (Mylar). The casted tape was left on the support to dry for a 
minimum of 45 minutes before removal. 

5.1.2 Fabrication of the fuel cell 

The mechanical strength of most ceria-based electrolytes is known to be weak and 
fragile. Due to this reason, 4 layers of the dense CGO electrolyte tape were cold 
laminated together to yield a thickness of ~300 µm after sintering. One layer of the 
green CGO tape with pore formers was laminated on each side of the dense laminated 
CGO tape to form the porous and stable scaffolds after sintering. The green CGO tape 
with pore formers posed a matt and drier surface compared to the tape that did not 
contain pore formers. A laminator was used to hot laminate the porous scaffold 
formulated tape onto the green electrolyte. The heat treatment was necessary to 
increase the flexibility and plasticity of the green tapes when they were being pressed 
to ensure they were well bonded. The laminated tapes were subsequently punched 
into the desired discs. 
 
The CGO discs were placed on a porous zirconia plate for sintering. The co-sintering 
program of the samples is summarized in Figure 61. The sintering procedure started 
with a slow ramp rate of 1 °C/min to 300 °C. This was then dwelled for 2 hours to allow 
the organic additives to decompose. The furnace was also held at 800 °C for 2 hours to 
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allow the pore formers to leave the structure. The final sintering temperature was at 
1400 °C (5 hours). As shown in Figure 62, the CGO scaffold adhered well onto the 
electrolyte. The scaffold had a calculated  porosity of ~70%.  
 
 
 
 
 
 
 

Figure 61: Sintering program of the CGO electrolyte-supported samples 

 

  
Figure 62: Cross-sectional SEM images of a) the CGO electrolyte-supported cell; 

b) the empty CGO scaffold 
 

La0.6Sr0.4CoO3–δ (LSC) nitrate precursor solution was prepared with La(NO3)3 · 6H2O 
(Sigma-Aldrich, 99.99% ), Sr(NO3)3 · 9H2O (Sigma-Aldrich, 99 %), Co(NO3)3 · 6H2O 
(Sigma-Aldrich, 99 %), and citric acid at a 1:1 molar ratio to the metal cations. 
Infiltrated LiFeO2 (LFO) anode was prepared from an aqueous nitrate precursor 
solution that was made from Li(NO3) (Fluka, >98%)  and iron nitrate, Fe(NO3)3 · 9H2O 
(Sigma-Aldrich, 99.99%). The button fuel cell was initially prepared by infiltrating the 
cathode material into the scaffold. This was performed to avoid particle growth of the 
LFO anode at higher temperature that was required to sinter the LSC cathode. For each 
impregnation, the cell was heated to 450 ˚C to decompose the nitrate. The infiltration 
and heat treatment process was repeated until the electrode reached the desired 

1400 °C – 5H 
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800 °C - 2H 
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weight. The cathode was infiltrated with 40 wt% LSC and sintered at 850 ˚C for 3 hours. 
The anode was impregnated with 40 wt% LFO and sintered for 700 ˚C for 3 hours. 
Silver wires and paste were used as the current collectors. The silver wire was shaped 
into a ring that defined an active area of 0.6 cm2.  
 
SEM images presented in Figure 63 showed that the infiltration process of the 
functional materials, LSC and LFO, successfully coated the porous CGO scaffold. Images 
of the anode and cathode in back-scattering mode show that the infiltrated LFO and 
LSC formed a homogeneous layer over the bright porous CGO scaffold. However, 
performing the SEM machine under EDX mode would also help identify different 
elements in the infiltrated scaffold.  
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Figure 63: Cross sectional SEM images of: the cathode infiltrated with 40 wt% LSC at 
the electrolyte interface in a) SEM and b) back-scattering modes; zoomed-in of the 

infiltrated cathode in c) SEM and d) back-scattering modes;  
the anode-electrolyte interface in e) SEM and f) back-scattering modes 
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5.1.3 Experimental Set Up 

The prepared CGO electrolyte-supported cell infiltrated with 40 wt% LSC for the 
cathode and 40 wt% LFO for the anode was mounted on top of the alumina tube using 
the ceramic paste (Aremco, Ceramabond 552).  The button cell test setup at the 
University of St Andrews is illustrated in Figure 64. The alumina tube was aligned 
vertically in the middle of the furnace. In this setup, the thermocouple was positioned 
in the center of the gas chamber and next to the anode to provide a more accurate 
testing temperature of the cell. The applied ceramic paste was dried and cured at 200 
˚C for 2 hours to prevent any gas leakage from the anode chamber. Electrochemical 
impedance spectroscopy was taken in the frequency range of 0.1 Hz and 100 kHz. 
 
 

 
Figure 64: Experimental set up for fuel cell testing on  

CGO electrolyte-supported sample 
 

5.2 Performance of LFO anode on CGO electrolyte-supported cell 

5.2.1 Testing in humidified H2  

The performance of the cell infiltrated with 40 wt% LiFeO2 for the anode and 40 wt% 
La0.6Sr0.4CoO3–δ for the cathode was observed.  The cell was tested at different 
temperatures while humidified (3% H2O) H2 was flown at the rate of 20 ml/min into the 
anode chamber and the cathode was exposed to stagnant air. The sample used for this 
study was called CGO95. Because CGO is partially electronically conductive (191), the 
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OCV of the cell decreased as the temperature increased. In humidified H2, the cell 
initially had an OCV of 0.93 V, which decreased to 0.9 V followed by 0.87 V at 600 ˚C 
and 650 ˚C respectively. Recorded impedance spectra under OCV suggested that the 
total resistance of the cell was dominated by the series resistance (Figure 65). 
Impedance spectroscopy performed at 550 ˚C illustrate that the cell had a series 
resistance of 1.26 Ωcm2 and a polarization resistance of 0.96 Ωcm2 at OCV. At 600 ˚C, 
the series and polarization resistances decreased to 0.66 Ωcm2 and 0.37 Ωcm2 
respectively. As the temperature increased to 650 ˚C, the total resistance of the cell 
decreased further to 0.56 Ωcm2. This total consists of the series and polarization 
resistances of 0.4 Ωcm2 and 0.16 Ωcm2 respectively. From the previous studies, the 
electronic conductivity of LFO increased as the temperature increased. This behavior 
reflected in the decrease of the series resistance as the testing temperature increase. 
In addition, the electrochemical activity of the cell improved as the operating 
temperature increased (Figure 66). The polarization resistance of the cell at 650 ˚C 
decreased by a factor of 6 as compared to that at 550 ˚C. As illustrated in Figure 65, the 
high frequency and low frequency arcs are temperature dependent. The low frequency 
(first) arc is associated with surface exchange, absorption and ion transport processes 
while the high frequency arc (second) is associated to the gas diffusion process (192; 
193).  
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Figure 65: Impedance spectra of the CGO95 cell with 40 wt% LFO for the anode and 40 
wt% LSC for the cathode at OCV at different temperatures. Humidified H2 was flown at 

20 ml/min to the anode and the cathode was exposed to stagnant air. 
 

 
Figure 66: ASR of the CGO95 cell at OCV as a function of temperature. Humidified H2 

was flown at 20 ml/min to the anode and the cathode was exposed to stagnant air. 
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At 550 ˚C in humidified H2, the cell obtained a maximum power density of 52 mWcm-2. 
As shown in Figure 67, the performances of the cell improved as the temperature 
increased. At 600 ˚C, it had a maximum power density of 104 mWcm-2 and increased to 
178 mWcm-2 when the temperature reached 650 ˚C. Impedance spectra of the cell at 
different bias voltages were performed to determine the overpotential of the cell at 
650 ˚C. In Figure 68, the impedance responses of the cell at 0.8 V with 99 mAcm-2 
demonstrate that half of the overpotential was contributed by the series resistance 
and the other half was from the polarization resistance. The overpotential increased as 
more current was drawn from the cell. At a working voltage of 0.5 V, the cell produced 
a current density of 337 mAcm-2. With increasing current, the overpotential of the cell 
was dominated by the polarization resistance. This characteristic is also reflected in the 
VI curves of the cell shown in Figure 67. As the cell produced more current density, the 
voltage potential of the cell decreased drastically forming a function that concaved 
downward. While the first arc of the impedance spectra of the cell remained almost 
the same under working condition, the second arc almost doubled with every voltage 
increment of 0.1 V.  
 
However, the recorded polarization resistances represent the overall electrochemical 
process of the cell. 3-electrode testing would help with assigning the polarization 
resistance of the cell to different electrode processes. This measuring technique can be 
used to characterize the anode material. However, the fabrication of the 3-electrode 
cell may be difficult via the tape-casting and infiltrations methods. It is challenging to 
infiltrate the counter and reference electrodes with the nitrate precursor solution. 
However, platinum ink or paste can be used to screen-print the counter and reference 
electrodes onto a perfectly flat electrolyte surface. The mechanical strength of the cell 
must be strong enough to endure the pressure of the screen printer. A symmetrical cell 
measurement of the cathode would only reveal the characteristic of the material at 
OCV. However, the electrochemical activity of the cathode in a fuel cell under load is 
different to that at OCV.  
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Figure 67: VI and performance curves of the CGO95 cell at different temperatures. 

Humidified H2 was flown at 20 ml/min to the anode  
and the cathode was exposed to stagnant air. 

 

  
Figure 68: Impedance spectra of the CGO95 cell at different bias voltages at 650 ˚C. 

Humidified H2 was flown at 20 ml/min to the anode  
and the cathode was exposed to stagnant air. 
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Figure 69: Overpotentials of CGO95 cell at 650 ˚C. Humidified H2 was flown at 20 

ml/min to the anode and the cathode was exposed to stagnant air. 

 
SEM images of the cell after testing are displayed in Figure 70 and Figure 71.  After 
testing, there were changes in the microstructure of both the anode and cathode. The 
LFO particles grew bigger and agglomerated together. However, the LSC particles 
became smaller after testing because the testing temperature of 650 ˚C was much 
lower than the sintering temperature of 850 ˚C.  
 
 

  

Figure 70: SEM images of the anode a) before and b) after testing in humidified H2 
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Figure 71: SEM images of the cathode a) before and b) after testing in humidified H2 

5.2.2 Testing in H2 fuel with the addition of CO and CO2 

The conventional SOFC uses hydrogen as a fuel, which can be produced by reforming 
the abundant hydrocarbons such as natural gas. Natural gas predominantly consists of 
methane, which typically makes up 80 to 95 % of the total composition.  It is due to 
this reason that steam methane reforming (SMR) has become a well-established 
process for the production of hydrogen and/or carbon monoxide (194; 195; 196). Since 
H2, CO, and CO2 are present in the SMR process, the performance of the cell was 
investigated in humidified H2 with the addition of CO and CO2.  
 
The CGO electrolyte-supported cell infiltrated with 40 wt% LSC and 40 wt% LFO used in 
this study was called CGO93. The cell performance was first conducted in 20 ml/min 
humidified H2 from 600 ˚C to 650 ˚C. The cathode was exposed to stagnant air. Figure 
72 shows that impedance spectra conducted at different temperatures at OCV in 
humidified (3% H2O) H2 posed similar characteristic to the CGO95 cell reported in the 
previous section. As the temperature increased, the ASR of the cell decreased. At     
600 ˚C, the cell had a total resistance of 1.12 Ω cm2 where two thirds of that was 
represented by the series resistance, 0.76 Ω cm2. As the temperature increased to   
650 ˚C, the total resistance of the cell decreased to 0.62 Ω cm2 where the series and 
polarization resistances contributed 0.46 Ω cm2 and 0.16 Ω cm2 respectively. Similar to 
the previous reported results on the CGO95 cell, the resistance of the CGO93 cell was 
dominated by the series resistance. However, the obtained ASR values of this cell 
(Figure 73) were ~11% higher compared to those reported in the previous study 
(Figure 66). These differences were consistently reflected in the series and total 
resistance of the tested CGO93 cell. However, these variations may originate from 

b)  a)  
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having a slight difference in active areas. Since the silver contacts were hand painted 
on the electrodes, the active area of the tested cell may vary slightly from one to the 
other. In addition, a slight difference in the testing temperature would also affect the 
performance of the cell. 
  
 

 
Figure 72: Impedance spectra of the CGO93 electrolyte-supported cell infiltrated with 

40wt% LFO for the anode and 40 wt% LSC for the cathode at OCV from 600 ˚C to       
650 ˚C.  Humidified H2 was flown into the anode at 20 ml/min and the cathode was 

exposed to stagnant air. 
 
 

 
Figure 73: ASR values of the CGO93 cell at OCV from 600 ˚C to 650 ˚C. Humidified H2 

was flown into the anode at 20 ml/min and the cathode was exposed to stagnant air. 
 

0

0.2

0.4

0.6

0.8

1

1.2

575 600 625 650 675

AS
R 

(O
hm

 c
m

2 )
 

Temperature (°C) 

Rt

Rs

Rp



79 
 

The obtained OCV values of this CGO93 cell were similar to the previous CGO95 cell, 
which indicated that the cell was well sealed. At 600 ˚C, it had an OCV value of 0.9 V. 
As the temperature reached 650 ˚C, the OCV was lowered to 0.86 V. Compared to the 
previously reported CGO95 cell, the performance of this CGO93 cell at different 
temperatures was lower. In humidified H2 at 600 ˚C, the CGO93 cell obtained a 
maximum power density of 95 mWcm-2. When the testing temperature reached       
650 ˚C, the cell achieved a maximum power density of 156 mWcm-2 in humidified H2. 
Compared to the previously achieved a maximum power density of 180 mWcm-2, the 
performance of this CGO93 cell is lower by 13%. Compared to the CGO95 cell, the 
decrease in the performance of the CGO93 reflected the increase in the resistances. As 
mentioned previously, these changes might originate from testing at a slightly different 
temperature. In addition, the real active area of the cell might be smaller than the 
assumed area of 0.6 cm2. 
 
 

 
Figure 74: Voltage and performance curves of the CGO93 cell  

at different temperatures in 20 ml/min humidified H2 

 

 
The performance of the CGO93 cell in simulated reformed fuel was investigated by 
flowing 5 ml/min of CO and 5 ml/min CO2 in addition to the 20 ml/min flow of H2 at 
650 ˚C. The CO and CO2 were slowly added and mixed with the H2 then humidified at 
room temperature before entering the anode chamber. The cathode remained 
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exposed to stagnant air. The OCV of the cell dropped from 0.86 V to 0.84 V in 
humidified H2, CO, and CO2. Figure 75 displays the impedance spectra of the CGO93 
cell at OCV in humidified H2 with and without the addition of CO and CO2. On the 
addition of CO and CO2, the total resistance of the cell increased to 1.01 Ωcm2 where 
by the series and polarization resistances contributed 0.57 Ωcm2 and 0.44 Ωcm2, 

respectively. The obtained total resistance of the cell with the addition of CO and CO2 
was almost doubled compared to when the cell was tested in only H2 (0.62 Ωcm2). The 
obtained polarization resistance of the CGO93 cell, 0.44 Ωcm2, was almost three times 
of what the cell had when tested in H2 only (0.165 Ωcm2). The hydrogen mole fraction 
in the anode changed as CO and CO2 was added to the fuel flow. The decrease in the 
hydrogen mole fraction of the fuel decreased the overall performance of the cell.  
 
Since the potential of the cell was a measure of the oxygen partial pressure (pO2) 
difference between the anode and the cathode, the obtained OCV of the cell with the 
additional flow of CO and CO2 reflected this change in pO2. The change in the series 
resistance shown in the impedance spectra also reveals the difference in the electronic 
conductivity of the anode in the new pO2 environment of H2, CO, and CO2. This change 
in the operating environment affected the properties of the anode. The obtained 
impedance spectra indicated that the electrochemical activities of the cell decreased 
when operating in H2 with CO and CO2. With the addition of CO and CO2, the 
polarization resistance was dominated by the low frequency arc which is associated to 
the gas diffusion.  
 
 

 
Figure 75: Impedance spectra of the CGO93 cell under OCV at 650 ˚C in humidified H2 

with and without the flow of CO + CO2 for the anode. The cathode was exposed to 
stagnant air. 
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The measured performance of the CGO93 cell in humidified H2, CO, and CO2 at 650 ˚C 
is shown in Figure 76 . At 650 ˚C in humidified H2, CO, and CO2, the cell achieved a 
maximum power density of 72 mWcm-2. The obtained maximum power density of the 
CGO93 cell with the additional of CO and CO2 was about half the value of that,          
156 mWcm-2, compared to when the cell was tested in only H2. As the current density 
increased under the working conditions in humidified H2, CO, and CO2, the voltage 
potential of the cell decreased much faster compared to when the cell was tested in 
humidified H2 only. With increasing current density in humidified H2, CO, and CO2, the 
concave voltage function posed more curvature with a much steeper slope, which 
indicates that the total resistance of the cell increased much faster compared to when 
the cell was tested in H2. In order to examine the performance of the cell over time in 
humidified H2, CO, and CO2, the current density of the cell was monitor under a bias 
voltage of 0.7 V.  In the first 30 minutes at the bias potential of 0.7 V, the current 
density continued to decrease and then equilibrated at 65 mAcm-2 (Figure 77). The 
current density of the cell at 0.7 V remained the same and showed no sign of 
degradation over time in humidified H2, CO, and CO2. After 7 hours, the flow of CO and 
CO2 were cut off which allowed only humidified H2 to flow into the anode chamber. As 
the anode chamber was slowly enriched by only humidified H2 fuel, the current density 
also increased gradually overtime. After cutting off the flow of CO and CO2 for one 
hour, the current density reached 160 mAcm-2. By cutting off the flow of CO and CO2 to 
the anode chamber, the hydrogen mole fraction in the fuel increased. Increasing the 
H2 mole fraction in the fuel also increased the performance of the cell. However, the 
current density of the cell started to decreased right after it peaked at 160 mAcm-2. 
After 3 hours in humidified H2 at 0.7 V bias voltage, the current density of the cell 
decreased to 155 mAcm-2. At 650 ˚C, the CGO93 cell performed better in the fuel 
condition with only humidified H2, but degraded with time. Although the performance 
of the cell had lowered in humidified H2, CO, and CO2, the cell was stable and showed 
no sign of degradation over a period of 7 hours. Since CO was fed as part of the fuel, an 
undesirable Boudouard Reaction that produce carbon may occur.  
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Figure 76: Voltage and performance curves of the CGO93 cell at 650 ˚C in humidified 

H2 with and without the flow of CO + CO2 for the anode.  
The cathode was exposed to stagnant air. 

 

 
Figure 77: Current density as a function of time for the CGO93 cell under 0.7 V at 650 

˚C in humidified H2 with and without the flow of CO + CO2 for the anode.  
The cathode was exposed to stagnant air. 
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5.2.3 LFO Anode with the addition of 10 wt% Ce 

Catalysts are materials that increase the rate of a chemical reaction by providing lower 
activation energy. The surface of the catalyst provides a short cut that allows the 
conversion of the reactant into the products more rapidly. The catalysts do not change 
the final results and the overall thermodynamics. Ceria is a well-known oxidation 
catalyst because the reduction of Ce4+ to Ce3+ enhances the oxygen exchange 
processes (197; 12; 198). Due to this reason, 10 wt% of Ceria was added onto the CGO 
scaffold infiltrated with 40 wt% LFO. Ceria nitrate precursor solution was impregnated 
into the prepared LFO anode then sintered at 700 ˚C for 1 hour. The sample prepared 
for this study was labeled CGO92. Micrographs of the CGO92 cell infiltrated with        
40 wt% LFO + 10 wt% Ce and the cell CGO95 cell (without the addition of Ce) are 
displayed in Figure 78. A continuous layer of nano ceria particles was successfully 
formed and coated over the LFO infiltrated CGO scaffold. As shown in the image 
below, the ceria particles seemed to be much smaller than the LFO particles. In 
addition, the nano ceria particles can be seen in the image taken in the back-scattering 
mode. The ceria layer appeared to be the thin bright line that formed around the dark 
LFO particles.  
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Figure 78: SEM images of the anode a) and b) infiltrated with 40 wt% LFO; 

 c - e) with the addition of 10 wt% Ce in SEM mode and f) in back-scattering mode 
 

Impedance spectroscopy was conducted in the temperature range between 600 ˚C - 
650 ˚C at OCV in humidified H2, which was flowing at the rate of 20 ml/min. The 
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cathode was exposed to stagnant air. 

 
Figure 79 shows that the obtained impedance spectra at different temperatures for 
the CGO92 cell had a greater total resistance compared to that of the CGO95 cell. At 

600 ˚C, the CGO92 cell had a total resistance of 1.33 Ωcm2. As the temperature 
increased, the total resistance decreased to 1.02 Ωcm2 and 0.8 Ωcm2 at 625 ˚C and 650 

˚C respectively. The series resistance was the dominant constituent of the total 
resistance of the cell. At 600 ˚C, the CGO92 cell obtained a series resistance of 1.06 
Ωcm2, which almost doubled the achieved RS value, 0.66 Ωcm2, of the CGO95 cell 

without 10 wt% Ce ( 
Figure 80). As the testing temperature increased, the RS value of the cell decreased. 
However, the recorded series resistance values for the CGO92 cell with 10 wt% Ce 
were much greater compared to those without Ce.  The cell had an RS value of 0.83 
Ωcm2 and 0.66 Ωcm2 at 625 ˚C and 650 ˚C respectively. As seen from the previous 
study, the increase in series resistance could have been caused by inconsistent active 
area between the tested cells, since the silver contacts were hand painted onto the 
specimen. In addition to this, the reported electronic conductivity of CeO2 is much 
lower than that of LFO. In a reducing atmosphere with a pO2 of around 10-23 atm, CeO2 
has an electronic conductivity of 0.005 Scm-1 and 0.017 Scm-1 at 600 ˚C and 700˚C 
respectively (199). At the same pO2 level, LFO obtained an electronic conductivity of 
1.6 Scm-1 and 8.15 Scm-1 at 600 ˚C and 700˚C respectively. A continuous coating of 
ceria over the LFO anode (Figure 78) forces the electrons to travel through the ceria 
layer, which causes the series resistances to increase. However, the addition of ceria 
enhanced the electrochemical activity of the CGO92 cell, which is reflected in the 
recorded impedance response. As shown in Figure 78, the infiltrated ceria solution 
formed smaller particles compared to that of LFO. These smaller ceria particles 



86 
 

increased the surface area of the anode. This in turn provided more active sites for the 
electrochemical activity for the anode. Impedance spectra for the cell CGO95 tested 
without the addition of ceria exhibited two distinctive arcs. On the other hand, the 
impedance spectra of the CGO92 cell with the additional of ceria were represented by 
one elongated arc where the arcs seemed to merge together. At 600 ˚C, the cell 
obtained a polarization resistance of 0.27 Ωcm2, which was lower than that of CGO95 
cell. As the temperature increased, the polarization resistance decreased. The CGO92 
cell had a polarization resistance of 0.19 Ωcm2 at 625 ˚C. However, the differences in 
the polarization resistance values between the CGO92 cell and the CGO95 cell were 
getting smaller as the testing temperature increased ( 
Figure 80). At 650 ˚C, the polarization resistances of the cell with and without ceria 
were almost the same,     0.14 Ωcm2 and 0.16 Ωcm2 respectively.  
 
 

 
Figure 79: Impedance spectra at different temperature of the CGO electrolyte-

supported cell infiltrated with 40 wt% LSC for the cathode and 40 wt% LFO for the 
anode with (CGO92) and without (CGO95) the addition of 10 wt% Ce at OCV. 

Humidified H2 was flown into the anode chamber at 20ml/min and the cathode was 
exposed to stagnant air. 
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Figure 80: ASR values at OCV of the CGO electrolyte supported cell infiltrated with  
40 wt% LSC for the cathode and 40 wt% LFO for the anode with and without the 

addition of 10 wt% Ce from 600 ˚C to 650 ˚C.  Humidified H2 was flown into the anode 
chamber while the cathode was exposed to stagnant air. 

 
 
 

The performance measurement of the CGO92 cell was also conducted at different 
temperatures in humidified H2 with a flow rate of 20 ml/min. At 600 ˚C, the cell with 
the additional 10 wt% Ce performed almost the same as the cell without ceria. They 

both had a maximum power density of around 105 mWcm-2 ( 
Figure 81). As the temperature increased, the performance of the cell with ceria 
performed worse than the cell without ceria.  The addition of 10 wt% Ce improved the 
electrochemical activity of the cell and lowered the  polarization resistances. However, 
this benefit was negated by the significantly larger increase in the series resistance. 
Due to this reason, the overall performance of the cell decreased. At 650 ˚C, the cell 
with ceria obtained a maximum power density of 160 mWcm-2 compared to 180 
mWcm-2 from the CGO9 cell without ceria. 
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Figure 81: Voltage and performance curves of the CGO electrolyte supported cell 

infiltrated with 40 wt% LSC for the cathode and 40wt% LFO for the anode with and 
without the addition of 10 wt% Ce from 600 ˚C to 650 ˚C.  Humidified H2 was flown into 

the anode chamber at 20ml/min and the cathode was exposed to stagnant air. 

 
Figure 82 displays the recorded impedance spectra of the CGO92 cell with the 

additional of 10 wt% ceria at 650 ˚C in humidified H2 at different bias voltages. The 
series resistance of the cell increased with decreasing bias voltage or increasing 

current density. From the impedance spectra, the low frequency responses were 
unstable which made it difficult to determine the total overpotential of the cell.    

Figure 83 displays the overpotential of the cell with respect to the series resistance. 
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Figure 82: Impedance spectra of the CGO92 cell at 650 ˚C. Humidified H2 was flown 
into the anode chamber at 20ml/min and the cathode was exposed to stagnant air. 

 
 

 
Figure 83: Overpotential as a function of current density of the CGO electrolyte 

supported cell infiltrated with 40 wt% LSC for the cathode and 40wt% LFO for the 
anode with the addition of 10 wt% Ce at 650 ˚C. Humidified H2 was flown into the 

anode chamber at 20ml/min and the cathode was exposed to stagnant air. 

5.3 Summary 

In this chapter, CGO was considered as an alternative electrolyte to 8YSZ. Compatibility 
testing of CGO and LFO confirmed that they do not react with each other. The CGO 
electrolyte supported cell was fabricated via the tape casting method and 
impregnating of the functional materials. The cathode was infiltrated with 40 wt% LSC 
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while the anode was impregnated with 40 wt% LFO. The cell obtained a maximum 
power density of ~180 mWcm-2 in humidified H2 at 650 °C. The recorded impedance 
spectra of the cell under different voltage biases illustrated that the electrochemical 
activity of the cell was dominated by the low frequency arc (gas diffusion process).  
 
With the addition of CO and CO2, the performance of the cell decreased by about 66% 
compared to that in only humidified H2. However, the cell seemed to be more stable 
with the addition of CO and CO2. For 7 hours, there was no degradation in the current 
density of the cell at a bias voltage of 0.7 V.  
 
The addition of 10 wt% Ce to the 40 wt% LFO anode of the CGO electrolyte-supported 
cell enhanced the electrochemical activities of the cell. However, this improvement 
was negated by the significantly larger increase in the series resistance. Due to this 
reason, the overall performance of the cell with the addition of ceria performed worse 
than those cells without ceria. 
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6 Increasing Operating Temperature of LFO with LSGM Electrolyte 

CGO electrolyte is a well-known oxygen ion conductor for the intermediate 
temperature SOFC that operate in the temperature range around 550 °C. However, the 
main disadvantage in using ceria-based electrolytes is that they are relatively easy to 
reduce especially at temperature higher than 500 °C. From the previous studies of the 
CGO electrolyte-supported cell, the cell potential decreased with increasing testing 
temperature. La0.9Sr0.1Ga0.8Mg0.2O3–δ (LSGM) is a good oxide conductor for high 
temperature SOFC. As seen in Figure 84, LSGM obtained a conductivity that is one 
magnitude higher than that of YSZ (31; 200; 201). Due to these reasons, 
La0.9Sr0.1Ga0.8Mg0.2O3–δ was used to further the investigation of LFO performance as a 
SOFC anode material operating at temperature greater than 650 °C. 
 

 
Figure 84: Ionic conductivity of different oxide conductor (31; 202) 

6.1 Experimental 

6.1.1 Tape Casting of LSGM 

Similar to the CGO tape casting process, the preparation of the LSGM slurries was 
prepared in a 2-stage milling procedure. The dense electrolyte and porous scaffold 
tapes were produced using La0.9Sr0.1Ga0.8Mg0.2O3 (Kceracell, d50 = 0.4-0.8 µm).  Since 
the LSGM tape casting process was also developed at the University of St. Andrews, 
the organic components used in the LSGM slurries were the same as those used for the 
CGO (Table 9). The formulation of LSGM slurries were developed using a binary solvent 



92 
 

system consisted of a mixture of methyl ethyl ketone (MEK) (Fisher Scientific Ltd) and 
absolute ethanol (60/40 % by weight). In the first milling process, the LSGM powder, 
the dispersant, Triton QS-44 (Dow Europe GmbH), the solvent and zirconia balls in 10 
mm diameter were added into the Nalgene bottle (Sigma Ltd). Flaked graphite (Fisher 
Chemicals) and spherical glassy carbon (Alfa Aesar, 10-20 micron) were added in the 
first stage of the milling process for the formation of the porous tape. The mixture was 
ball-milled at a speed of 160 rpm for 24 hours. In the next stage, the binder (PVB-98, 
Sigma), and plasticizers (DBP, Fisher Scientific Ltd. and PEG, Sigma-Aldrich), were 
added to the dispersed mixture. The bottle was clamped onto a shaker that vibrated 
for 30 minutes to help dissolve the binder then milled for 6 hours at the speed of 100 
rpm. In order to allow trapped air bubbles within the slurry to escape, the bottle was 
rotated at a very low speed for at least 1 hour. The final formulations for both the 
dense and porous LSGM tapes are displayed in Table 10 below. 
 

Compositions Dense Electrolyte (g) Porous Scaffold (g) 

CGO Powder  40 15 

Graphite - 9.6 

Glassy Carbon - 0.165 

Triton 0.2 0.125 

Solvent 17.2 17.33 

Butvar (PVB) 4 2.72 

PEG 2.6 2.32 

DBP 2.4 1.98 

Table 10: Tape casting slurry recipes for the dense LSGM electrolyte  
and porous scaffold 

The same TTC-1000 tape caster (Richard E Mistler Inc) was used. Nylon net was used to 
catch the zirconia balls while the slurry was poured into the reservoir. The tape was 
casted onto the moving carrier film. The tape was left on the support to set and dry for 
a minimum 45 minutes before removal.  
 
Four layers of LSGM electrolyte tape were cold laminated together. A layer of LSGM 
tape with pore formers was hot laminated onto each side of the previously laminated 
dense LSGM tape. The final laminated tape was punched into circular shape for 
sintering. 
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The laminated LSGM discs were placed on a porous zirconia plate for sintering. The co-
sintering program is summarized in Figure 85. The sintering procedure started with a 
slow ramp rate of 1 °C/min to both 300 °C (2 hours dwell) and 800 °C (2 hours dwell). 
The rate was increased to 2 °C/min to the final dwell temperature at 1400 °C (5 hours).  
After firing, the samples had an electrolyte thickness of 245 µm (Figure 86). The 70 µm 
thick porous LSGM scaffold showed good adhesion with the electrolyte.  
 
 
 
 
 
 
 
 
 

Figure 85: Sintering temperature program for LSGM electrolyte supported cell 

 

 
Figure 86: SEM image of the LSGM electrolyte supported cell with an electrolyte 

thickness of 245 µm and the scaffold of 70 µm thick 
 
Since the mechanical strength of the sintered LSGM electrolyte-supported cell was 
better compared to that of the CGO sample, the thickness of the LSGM electrolyte was 
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reduced to decrease the ohmic loss. The LSGM electrolyte-supported cell was 
prepared with 2 layers of the green LSGM-electrolyte tape. As shown in Figure 87, the 
sintered sample had a dense electrolyte with a thickness of 130 µm. The thickness of 
the porous scaffold was also 70 µm, since the same tape was used to prepare the 
samples. 

 

  
Figure 87: SEM images of a) the LSGM electrolyte supported cell with an electrolyte 

thickness of 130 µm and the scaffold of 70 µm thick; b) zoomed-in of the scaffold 

6.1.2 Preparation of the fuel cell and experimental set up 

La0.6Sr0.4CoO3–δ (LSC) nitrate precursor solution was used to infiltrate the cathode and 
LiFeO2 (LFO) nitrate precursor solution for the anode. The cell was heated to 450 ˚C to 
decompose the nitrate. The infiltration and heat treatment processes were repeated 
until the electrode reached the desired weight. The final sintering temperature for the 
scaffold infiltrated with the LSC cathode material was 1000 ˚C with a dwell time of one 
hour. Without the addition of acetic acid to the LSC nitrate precursor solution, the 
sintering temperature was much higher compared to that of the CGO scaffold 
infiltrated with LSC. The final sintering temperature and time of the LSGM scaffold 
impregnated with 30 wt% LFO remained the same at 700 ˚C with a dwell of 3 hours. 
During the infiltration process, the nitrate precursor solution of the functional material 
did not leak to the other side of the sample, suggesting that a dense electrolyte layer 
was successfully formed. SEM images shown in Figure 88 demonstrate that small 
particles of LSC and LFO were deposited and formed a continuous coating over the 
porous LSGM scaffold. Since the final sintering temperature of LFO was much lower 
than that of LSC, the LFO particles were smaller compared to that of LSC. 
 

70 µm thick Scaffold 

130 µm thick electrolyte 

a) b) 
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Figure 88: Cross-sectional SEM images of the a) LSGM scaffold infiltrated with 30 wt% 
LFO (back-scattering mode) and zoomed-in of the anode in b) back-scattering and c) 

SEM modes; d) scaffold infiltrated with 40 wt% LSC (back-scattering mode) and 
zoomed-in of the cathode in e) back-scattering and f) SEM modes 
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Silver wires and paste were used as the current collectors for the LSGM cells. The silver 
wire was wound into a ring that defined an active area of 0.4 cm2. Silver paste was use 
to adhere the silver ring onto the electrodes. Once the silver paste was dried, the 
sample was sintered at 450˚C for 1 hour. The fuel cell experimental set up for the 
LSGM samples was the same as the CGO cell presented in Figure 64.  

6.2 Performance of LFO anode on LSGM electrolyte-supported cell 

6.2.1 Initial Results of 30 wt% LFO on LSGM in humidified H2 

The LSGM electrolyte-supported cell used in this study was labeled 11LSGM1 
and had an electrolyte thickness of 245 µm. The performance of the 11LSGM1 
cell was investigated at different temperatures by flowing humidified H2 at the 
rate of                20 ml/min into the anode chamber. The cathode was exposed 

to stagnant air. The impedance spectra captured at OCV, 1.09 V, ( 
Figure 89) shows that the 11LSGM1 cell infiltrated with 40 wt% LSC for the cathode 
and 30 wt% LFO for the anode obtained a series resistance of 0.28 Ωcm2 at 700 ˚C. 
With a total resistance of 0.9 Ωcm2, the cell yielded a polarization resistance of 0.62 
Ωcm2. The total resistance of the cell increased by about 10% after one hour in 
humidified H2 at 700 ˚C. As the testing temperature increased, the resistance of the 
cell increased. At 725 ˚C, the series resistance of the cell at OCV, 1.08 V, increased to 
0.6 Ωcm2, which doubled the value obtained initially, 0.28 Ωcm2, at 700 ˚C. The 
polarization resistance of the cell also increased to 0.78 Ωcm2 which yielded a total 
resistance of 1.38 Ωcm2 at 725 ˚C. The total resistances of the cell at 700 ˚C and 725 ˚C 
were dominated by the polarization resistance. However, the difference between the 
RS and Rp at 725 ˚C was much less compared to that at 700 ˚C. When the cell was 
tested at 700 ˚C, LFO is at the edge of its stability. LFO become more unstable when 
testing at temperature above 700 ˚C, which in turn degrade the cell and lower its 
performance. As the temperature reached 750 ˚C, the total resistance of the cell at 
OCV, 1.07 V, increased to 1.54 Ωcm2 where 0.87 Ωcm2 was contributed by the series 
resistance. However, the polarization resistance of the cell decreased from 0.78 Ωcm2 
to 0.67 Ωcm2 as the temperature increased from 725 ˚C to 750 ˚C. Conversely, the 
resistance of the cell at 750 ˚C was dominated by the series resistance instead of the 
polarization resistance compared to that at 725 ˚C and 700 ˚C. Despite the fact that the 
polarization resistance of the cell decreased by 14% from 725 ˚C to 750 ˚C, the overall 
resistance of the cell obtained at 750 ˚C was still greater because the series resistance 
increased by 30%.   
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From the reduction studies on the LFO pellet, it showed that the microstructure of LFO 
changes with time and temperature by agglomerating and forming larger particles. The 
change in the microstructure could have an effect on bonding between the anode and 
the current collector which could explain the increase in series resistance as the testing 
temperature increased. 
 
 

 
Figure 89: Impedance spectra at OCV of the 11LSGM1 cell having an electrolyte 

thickness of 245 µm and infiltrated with 40 wt% LSC for the cathode and  
30 wt% LFO for the anode at different temperatures. Humidified H2 was flown 

at 20 ml/min to the anode while the cathode was exposed to stagnant air. 
 
 
The performances of the 11LSGM1 cell presented in Figure 90 reflect the changes in 
the resistance over time and at different temperatures in humidified H2. The cell 
obtained an initial maximum power density of 277 mWcm-2 at 700 ˚C. After one hour 
in humidified H2, the maximum power density decreased to 191 mWcm-2, which 
reflected the increased of the total resistance of the cell. As the testing temperature 
increased to 725 ˚C, the cell had a maximum power density of 159 mWcm-2. The 
maximum power density of the cell continued to lower to 139 mWcm-2 as the 
temperature reached 750 ˚C.  
 



98 
 

 
Figure 90: Voltage and performance curves of the cell 11LSGM1 at 

different temperatures. Humidified H2 was flown at 20 ml/min to the anode 
while the cathode was exposed to stagnant air. 

 

 

Impedance spectroscopy at different bias voltages was conducted to determine the 
overpotential of the cell at 750 ˚C in humidified H2. Impedance spectra displayed in 
Figure 91 show that the overall resistance of the cell decreased with increasing current 
or lower bias voltage. At a bias voltage of 0.9 V, the cell obtained a series resistance of 
0.73 Ωcm2 and a polarization resistance of 0.61 Ωcm2. The resistances decreased to  
0.7 Ωcm2 and 0.6 Ωcm2 for the series and polarization resistances respectively as the 
bias voltage decreased to 0.8 V. As the bias voltage was lowered to 0.7 V, the series 
resistance decreased to 0.67 Ωcm2 while the polarization remained the same 
compared to that at 0.8 V. The series resistance continued to decrease to 0.65 Ωcm2 
then 0.63 Ωcm2 when the cell was at a bias voltage of 0.6 V and 0.5 V respectively 
while the obtained polarization remained the same. As the current density increased, 
the decrease in series resistance might be associated to an increase in the local 
temperature of the sample. Under reducing atmosphere, the conductivity of LFO 
increases with increasing temperature. As the current density of the cell increased, 
there is a change in the nature of polarizations components. The low-frequency arc is 
getting bigger as the bias voltage decreases. Figure 92 presents the overpotential of 
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the cell with respect to different resistances at 750 ˚C in humidified H2. With increasing 
current, the series and polarization resistances each contributed about 50% to the 
total overpotential of the cell.  

 

 
Figure 91: Impedance spectra at different biased voltages of the 11LSGM1 cell  

 at 750 ˚C. Humidified H2 was flown at 20 ml/min to the anode while the 
cathode was exposed to stagnant air. 

 

 
Figure 92: Overpotential of the 11LSGM1 cell at 750 ˚C.  

Humidified H2 was flown at 20 ml/min to the anode  
while the cathode was exposed to stagnant air. 

 
The stability of the cell under a bias voltage of 0.7 V was observed by monitoring the 
current density over time in humidified H2 at 750 ˚C. Figure 93 shows that the cell had 
an initial current density of 192 mAcm-2. Since LFO is not stable at 750 ˚C, the cell 
degraded quickly after half an hour under the 0.7 V.  After half an hour under 0.7 V, 
the current density of the cell started to decrease dramatically from 189 mAcm-2 to 16 
mAcm-2 over one hour.  
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Figure 93: Current density as a function of time of the 11LSGM1 cell  

at 0.7 V, 750 ˚C. Humidified H2 was flown at 20 ml/min to the anode while the 
cathode was exposed to stagnant air. 

6.2.2 Improving the performance with thinner LSGM electrolyte 

The thickness of the LSGM electrolyte was reduced to 130 µm to improve the 
performance of the cell. As presented in the previous sub-chapter, the performance of 
the LSGM electrolyte-supported cell decreased when tested above 700 ˚C due the 
stability of LFO. The 130 µm LSGM electrolyte-supported cell infiltrated with 40 wt% 
LSC for the cathode and 30 wt% LFO for the anode was observed only at 700 ˚C by 
flowing humidified H2 at the rate of 20 ml/min into the anode. The cathode was 
exposed to stagnant air. The cell used for this study was called 14LSGM3. Impedance 
spectra at OCV displayed in Figure 94 shows that the cell had a total resistance of    
0.55 Ωcm2, where 0.19 Ωcm2 and 0.36 Ωcm2 were contributed by the series and 
polarization resistances respectively. The series resistance of the cell decreased by a 
third compared to the initial obtained series resistance, 0.28 Ωcm2, of the 11LSGM1 
cell having an electrolyte thickness of 245 µm. Moreover, the polarization resistance of 
the 14LSGM3 cell also decreased by 50% compared to 0.62 Ωcm2 of the 14LSGM1 cell. 
Similar to the studies on the 245 µm 11LSGM1 cell, the total resistance of the cell 
14LSGM3 was also dominated by the polarization resistance. However, reducing the 
thickness of the electrolyte decreased the series resistance and also enhanced the 
electrochemical activities of the LSGM electrolyte-supported cell.  
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Figure 94: Impedance spectra of the 14LSGM3 cell having an electrolyte thickness of 
130 µm and infiltrated with 40wt% LSC for the cathode and 30wt% LFO for the anode 
at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode while the cathode was 

exposed to stagnant air. 
 
An improvement in the cell performance is shown in Figure 95. The 14LSGM3 had a 
maximum power density of 462 mWcm-2. Compared to the cell with thicker LSGM 
electrolyte, 11LSGM1, the maximum power density of the 14LSGM3 cell increased by 
70%, 277 mWcm-2 to 462 mWcm-2.  
 

 
Figure 95: Voltage and performance curves of the 14LSGM3 cell at 700 ˚C. 

Humidified H2 was flown at 20 ml/min to the anode  
while the cathode was exposed to stagnant air. 
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To further understand the characteristic of the VI curve, impedance spectroscopy was 
conducted on the 14LSGM3 cell under different bias voltages (Figure 96). At a bias 
voltage of 0.9 V, the 14LSGM3 cell obtained a series resistance of 0.208 Ωcm2 and a 
polarization resistance of 0.392 Ωcm2. As the bias voltage decreased or current density 
of the cell increased, the series resistance decreased and the polarization resistance 
increased. This characteristic is similar to the LSGM cell with a thicker electrolyte. The 
decrease in the series resistance reflects an increase in the conductivity of LFO due to 
local temperature. At a bias voltage of 0.8 V in humidified H2, the cell had a total 
resistance of 0.646 Ωcm2 where 0.203 Ωcm2 and 0.443 Ωcm2 were contributed from 
the series and polarization resistances respectively. At lower bias voltages, the series 
resistance of the cell continued to decrease to 0.201 Ωcm2 then 0.198 Ωcm2 at 0.7 V 
and 0.6 V. While there was a small reduction in series resistance as the current density 
increased, the increase in the polarization resistance of the cell was much bigger. At 
0.7 V, the cell had a polarization resistance of 0.489 Ωcm2 which increased to 0.492 
Ωcm2 at 0.6 V. Figure 97 presents the relationship of the overpotential of the cell as a 
function of current density with respect to the total, series, and polarization 
resistances.  

 

 
Figure 96: Impedance spectra at different bias voltages of 14LSGM3 cell at 700 ˚C. 

Humidified H2 was flown at 20 ml/min to the anode  
while the cathode was exposed to stagnant air. 
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Figure 97: Overpotential of the 14LSGM3 cell at 700 ˚C. Humidified H2 was flown at 20 

ml/min to the anode while the cathode was exposed to stagnant air. 

 
The degradation of LFO as an anode material for SOFC was investigated by monitoring 
the current density of the 14LSGM3 cell at a bias voltage of 0.7 V over time in 
humidified H2 at 700 °C. At 0.7 V, the 14LSGM3 cell had an initial current density of  
604 mAcm-2 (Figure 100). The initial impedance spectra at 0.7 V displayed in Figure 98 
shows that the cell had a series resistance of 0.201 Ωcm2 and a polarization resistance 

of 0.489 Ωcm2, which yielded a total resistance of 0.69 Ωcm2. After six hours at 0.7 V, 
the current density of the cell decreased slightly to 598 mAcm-2. However, the 
impedance spectra of the cell after 6 hours under 0.7 V seemed to have little to no 
changes in the resistance compared to that initially recorded (Figure 98). In the first 20 
hours, the current density of the cell decreased to 540 mAcm-2. However, the 
performance of the cell dropped drastically after 20 hours under 0.7 V. Within the next 
10 minutes, the current density of the cell decreased from 540 mAcm-2 to 505 mAcm-2. 
Impedance spectra of the cell after 21 hours under 0.7 V show that the series 
resistance decreased to 0.178 Ωcm2. However, the polarization resistance of the cell 
increased to 0.582 Ωcm2 which yielded the overall resistance of 0.76 Ωcm2. After 30 
hours under 0.7 V, the series resistance of the cell continued to decrease while the 
polarization resistance increased. The total resistance of the cell increased to 0.93 
Ωcm2 because the increase in the polarization resistance was much more compared to 
the decrease in the series resistance. However, the current density of the cell dropped 
dramatically at 30 hours to 356 mA cm-2. 
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From the previous DC conductivity studies performed on the LFO pellet, LFO exhibited 
a higher electronic conductivity with time in reducing atmosphere. Over time in 
humidified H2, the LFO anode posed more electronic conductivity, which could cause a 
reduction in the series resistance. After 36 hours under 0.7 V, the current density of 
the cell suddenly jumped from 320 mAcm-2 to 380 mAcm-2. Over the next four hours, 
the current density continued to decrease linearly. This unexpected anomalous 
behavior could be triggered by a sudden change in fuel flow. The flow meter is very 
sensitive; a slight movement may cause a big change in the flow rate. The sudden 
increased in the current density happened more than once over the period of the cell 
being under a bias voltage of 0.7 V. Impedance spectra of the cell measured after 45 
hours under 0.7 V showed that the series resistance of the cell no longer continued to 
decrease. At 45 hours, the series resistance of the cell increased to 0.2 Ωcm2, 
compared to 0.155 Ωcm2 at 30 hours. Moreover, the impedance spectra shown in 
Figure 99 display that the polarization resistance increased much faster indicating that 
the electrochemical activities of the cell were getting worse. Operating the cell at 
higher temperature decrease the overpotential of the cell and would increase its 
performance. However, the degradation of the cell is much faster at higher 
temperature. 
 
From the previous studies, LFO showed a higher electronic conductivity with increasing 
temperature and time of reduction. However, the LFO particles agglomerated and 
grew into larger ones as the reduction time and temperature increased. The surface 
area of the anode provides active sites for the catalytic and electrochemical activities.  
As the cell was put under a bias voltage of 0.7 V, the deposited LFO particles on the 
LSGM scaffold also agglomerated over time. With larger LFO particles, there are less 
available active sites for the electrochemical and catalytic activities, which would lead 
to an increase in polarization resistance and poorer performance. Moreover, the cell 
was tested at the upper temperature limit for LFO. A change in the microstructure of 
the electrode could also affect the bonding between the current collector and the 
anode. After three days under a bias voltage of 0.7 V, the current density of the cell 
decreased to 123 mAcm-2, which was about 20% of its initial performance of 604 
mAcm-2. At 72 hours under 0.7 V, the series resistance of the cell increased by a factor 
of 8 to 1.6 Ωcm2 compared to that at its initial condition of 0.2 Ωcm2. The polarization 
resistance, 1.7 Ωcm2, contributed about half of the total resistance of 3.3 Ωcm2. After 3 
days the total resistance of the cell increased by a factor of 5, which corresponded to 
the decreased in the current density.  
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Figure 98: Impedance spectra over the first 30 hours under 0.7 V of 

 the 14LSGM3 cell at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode while 
the cathode was exposed to stagnant air. 

 
 

 
Figure 99: Impedance spectra over the last 42 hours under 0.7 V of  

the 14LSGM3 cell at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode while 
the cathode was exposed to stagnant air. 

 
 

RS 
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Figure 100: Current density at 0.7 V before and after re-oxidation of the 14LSGM3 cell 

at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode  
while the cathode was exposed to stagnant air. 

 
From the previous studies, the crystal structures of the reduced LFO samples were 
reversibly attained. Due to this reason, the LSGM scaffold infiltrated with LFO was re-
oxidized in air for 23 hours. A flow of N2 gas was initially purged into the anode 
chamber until the cell obtained a low OCV. The gas inlet and outlet of the cell were 
then left open to allow air to occupy the anode chamber for 23 hours. After the re-
oxidation of the anode, N2 was initially introduced into the anode chamber to purge 
out all the air before introducing the humidified H2 into the anode chamber. The cell 
obtained an OCV value of 1.1 V at 700 ˚C in humidified H2 at a flow rate of 20 ml/min. 
After the re-oxidation of the anode, the cell obtained a maximum power density of 179 
mWcm-2. From the VI curve in Figure 101, the cell obtained a current density of 200 
mAcm-2 at 0.7 V. The initial performance of the cell increased by 60% after the re-
oxidation of the anode, from 123 mAcm-2 to 200 mAcm-2. Similar to before, the 
impedance spectra of the cell in Figure 102 show that the polarization resistance 
increased as the series resistance of the cell decreased with lower bias voltage. The cell 
had a total resistance of 2.1 Ωcm2 and 2.3 Ωcm2 at 0.9 V and 0.5 V respectively. 
However, the series resistance increased as the bias voltage of the cell lowered from 
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0.9 V to 0.8 V. Figure 103 displays the overpotential of the cell as a function of the 
current density with respect to different resistances.  
 

 
Figure 101: Voltage and performance curves after re-oxidation of the 14LSGM3 cell at 

700 ˚C. Humidified H2 was flown at 20 ml/min to the anode  
while the cathode was exposed to stagnant air. 

 
 

   
Figure 102: Impedance spectra under different bias voltages after re-oxidation of the 
14LSGM3 cell at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode while the 

cathode was exposed to stagnant air. 
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Figure 103: Overpotential curves after re-oxidation of the 14LSGM3 cell at 700 ˚C. 

Humidified H2 was flown at 20 ml/min to the anode while the cathode was exposed to 
stagnant air. 

 
 

Impedance spectra of the cell under a bias voltage 0.7 V of before and after 23 hours 
of re-oxidation are shown in  

Figure 104. The total resistance of the cell improved after 23 hours of re-oxidation. The 
series resistance of the cell at 0.7 V decreased from      1.6 Ωcm2 to 1.33 Ωcm2. The 
polarization resistance of the cell also improved from    1.75 Ωcm2 to 0.97 Ωcm2. 

 
 

  
Figure 104: Impedance spectra at 0.7 V of before and after re-oxidation of the 4LSGM3 

cell at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode while the cathode 
was exposed to stagnant air. 
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In order to investigate the performance of the cell after the re-oxidation, the current 
density of the cell was monitored over time while the cell was placed under a bias 
voltage of 0.7 V. After 23 hours of re-oxidation, the cell obtained a higher current 
density of 184 mAcm-2 compared to 123 mAcm-2 from before redox. As shown in 
Figure 100, the current density of the cell after re-oxidation seemed to degrade at a 
faster rate as shown by the steeper slope. The overall resistance of the cell was 
dominated by the series resistance. The initial total resistance of the cell was 2.3 Ωcm2 
where 1.33 Ωcm2 and 0.97 Ωcm2 were contributed from the series and polarization 
resistance respectively. After 4 hours under 0.7 V, the resistance of the cell remained 
almost the same. At 4 hours, the cell current density suddenly jumped from 166 
mAcm-2 to 194 mAcm-2 after collecting the impedance spectra. After 15 hours under a 
bias voltage of 0.7 V, the cell obtained the same current density of 123 mAcm-2 as 
before re-oxidation. After 26 hours, the current density of the cell reached 55 mAcm-2. 
Impedance spectra of the cell at 0.7 V over time presented in Figure 105 display 
unclear arcs. After 26 hours of under 0.7 V, the total resistance of the cell increased to 
7.3 Ωcm2. The resistance of the cell continued to increase to 7.33 Ωcm2 after 26 hours 
under 0.7 V. Figure 106 shows that the performance of the cell decreased from 179 
mWcm-2 to 43 mWcm-2 after 26 hours under a bias voltage of 0.7 V.  
 
 

 
Figure 105: Impedance spectra at 0.7 V over time after re-oxidation of the 14LSGM3 
cell at 700 ˚C. Humidified H2 was flown at 20 ml/min to the anode while the cathode 

was exposed to stagnant air. 
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Figure 106: Voltage and performance curves after re-oxidation then 26 hours under  

0.7 V of the 14LSGM3 cell at 700 ˚C. Humidified H2 was flown at 20 ml/min to the 
anode while the cathode was exposed to stagnant air. 

 
 
SEM images of the cathode and anode are shown in Figure 107. After testing in 
humidified H2 with one redox cycle, the LFO particles had increased in size. The 
deposited LSC particles also grew larger after testing. The agglomeration and growth in 
the particle size may exert some mechanical stress and cause the silver contact to 
delaminate off the electrodes. The unclear impedance response obtained from above 
may be from the poor contacts. With larger particles, there is less surface area 
available for the electrochemical activities. This phenomenon was reflected in the 
increase in polarization resistance of the cell over time. 
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Figure 107: SEM images of the anode a) before and b) after testing; 
the cathode c) before and d) after testing of the cell 14LSGM3 

6.2.3 Testing of the LFO anode at 700°C in simulated reformed fuel 

In order to investigate the performance of LFO as an anode in reformed fuel, 5 ml/min 
of CO and 5 ml/min of CO2 were flowed in conjunction with 20 ml/min of H2 into the 
anode chamber. The sample used for this study was labeled 14LSGM10 and had an 
electrolyte thickness of 130 µm. Sample 14LSGM10 was also infiltrated with 40 wt% 
LSC for the cathode and 30 wt% for the anode. Initial performance of the 14LSGM10 
cell was first conducted in humidified H2 at 700 ˚C. The cell had an OCV value of 1.12 V 
and achieved a maximum power density of 420 mWcm-2 at 700 ˚C in humidified H2 

(Figure 108). The 14LSGM10 cell performed about ~10% less compared to that of the 
14LSGM3 cell with similar specifications, 420 mWcm-2 compared to 462 mWcm-2. The 
difference in the performance of the 14LSGM10 cell could arise from having different 
active area since the current collectors and silver wires were hand painted onto the 
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electrodes. Moreover, an average scaffold weight was used to determine the desired 
weight loading of the functional material. Due to this reason, each cell might have had 
a slightly different weight loading of the functional material which may also affect the 
performance of the cell. 
 

 
Figure 108: Voltage and initial performance curves the 14LSGM10 cell having an 

electrolyte thickness of 130 µm and infiltrated with 40 wt% LSC for the cathode and   
30 wt% LFO for the anode at 700 ˚C. Humidified H2 was flown at 20 ml/min to the 

anode while the cathode was exposed to stagnant air. 

 
The resistance of the 14LSGM10 cell also reflected the decrease in the performance. 

The cell had a total resistance of 0.64 Ωcm2 ( 
Figure 109) at OCV, which was an increase by about 16% compared to the initial result 
of the 14LSGM3 cell tested previously,  0.55 Ωcm2. Similar to the previously tested 
14LSGM3 cell, the polarization resistance, 0.36 Ωcm2, of the 14LSGM10 cell was also 
greater than the series resistance, 0.28 Ωcm2. The characteristics of the 14LSGM10 cell 
under different bias voltages were also similar to the previously tested 14LSGM3 cell. 
The total resistance of the 14LSGM10 cell increased with decreasing bias voltage. 
Impedance spectra of the 14LSGM10 cell shown in Figure 110 indicate that the 
performance of the cell was dominated by the polarization resistance under working 
condition. The polarization resistance of the 14LSGM10 cell increased as the bias 
voltage of the cell decreased (i. e. with increasing current density). At a bias voltage of 
0.9 V, the cell obtained a total resistance of      0.61 Ωcm2 where 0.24 Ωcm2 and 0.37 
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Ωcm2 were contributed from the polarization and series resistances respectively. As 
the bias voltage of the cell decreased, the total resistance of the cell increased. Under 
working condition, the series resistance of the cell decreased as the polarization 
resistance increased with increasing current density. However, there was no change in 
the total resistance of the cell as the bias voltage decreased from 0.6 V to 0.5 V.  There 
was a small decrease in the series resistance, 0.215 Ωcm2, which in turns increased the 
polarization resistance, 0.465 Ωcm2. The overpotential curves as a function of the 
current density presented in Figure 111 display a clear relationship of the overall 
performance of the 14LSGM10 cell under working condition, which was dominated by 
the polarization resistance.  
 

 

  
Figure 109: Impedance spectra at OCV of the 14LSGM10 cell at 700 ˚C. Humidified H2 
was flown at 20 ml/min to the anode while the cathode was exposed to stagnant air. 

 
 

 
Figure 110: Impedance spectra different bias voltages of the 14LSGM10 cell at 700 ˚C. 

Humidified H2 was flown at 20 ml/min to the anode  
while the cathode was exposed to stagnant air. 

 



114 
 

 
Figure 111: Overpotential of the 14LSGM10 cell at 700 ˚C. Humidified H2 was flown at 

20 ml/min to the anode while the cathode was exposed to stagnant air. 

 
The 14LSGM10 cell was put under a bias voltage at 0.7 V initially in humidified H2 

flowing at the rate of 20 ml/min. The cell obtained an initial current density of           
505 mAcm-2 in humidified H2. Impedance spectra in humidified H2 at 0.7 V ( 

Figure 113) show that the total resistance of the cell increased to 0.76 Ωcm2, 
compared to that of its initial value of 0.67 Ωcm2. As shown in Figure 112, the current 
density of the cell decreased to 493 mAcm-2 after 1.5 hours under 0.7 V in humidified 
H2.  
 

In order to investigate the performance of the LFO anode in reformed fuel, CO and CO2 
were slowly introduced into the anode chamber at the rate of 5 ml/min each after 1.5 
hours under 0.7 V in humidified H2. With the addition of CO and CO2, the current 
density of the 14LSGM10 cell dropped dramatically to 405 mAcm-2 within the first 10 
minutes then started to decrease at a slower rate. By adding CO and CO2 to the anode 
chamber, the hydrogen mole fraction of the fuel would decrease. The decrease in the 
hydrogen mole fraction decreased the overall performance of the cell. After 1.5 hours 
at 0.7 V in humidified H2, CO, and CO2, the current density of the cell reached             
331 mAcm-2. The current density of the cell continued to follow a steady and linear 
degradation. After 4 hours under 0.7 V in humidified H2, CO and CO2, the current 
density of the cell decreased to 323 mAcm-2. The total resistance of the cell also 
increased to 1.05 Ωcm2 to reflect its performance. After 4 hours in simulated reformed 
fuel, the resistance of the cell remained dominated by the polarization resistance ( 
Figure 115). After 24 hours under a bias voltage of 0.7 V in humidified H2, CO, and CO2, 

the current density of the cell decreased by 36%, 405 mAcm-2 to 259 mAcm-2, 
compared to its initial performance. The current density of the cell lowered to half of 
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its original performance, 405 mAcm-2 to 205 mAcm-2, after two days (48 hours or 49.5 
hours in Figure 112) under load in the simulated reformed fuel environment. 

Impedance spectra after 48 hours at 0.7 V under humidified H2, CO, and CO2 showed 
that the cell had a total resistance of 1.62 Ωcm2 where 0.934 Ωcm2 and 0.686 Ωcm2 
were contributed from the series and polarization resistances. With increasing time 
under 0.7 V in humidified H2, CO, and CO2, the polarization resistance of the cell had 

very little change while the series resistance of the cell increased more rapidly as 
shown in  

Figure 114. However, after conducting the impedance spectroscopy of the cell at 48 
hours in simulated reformed fuel, the current density of the cell suddenly increased by 
25%, from 205 mAcm-2 to 260 mAcm-2. As shown in Figure 112, the current density of 
the cell remained at a higher function while it continued to decrease overtime. A little 
over an hour, the current density of the cell suddenly dropped back and followed the 
lower function. After 72 hours (at 73.5 hours in Figure 112) under   0.7 V in humidified 
H2 with CO and CO2, the current density of the cell never reached an equilibrium state 
and had to 110 mAcm-2, which is about 27% of its initial performance. The cell had a 
total resistance of 2.9 Ωcm2 where two third of that was contributed by the series 
resistance. Figure 114 shows the recorded impedance spectra of the cell after 3 days 
under a bias voltage of 0.7 V in humidified H2 with CO and CO2. The results suggested 
that the degradation of the cell was dominated by the series resistance.  
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Figure 112: Current density of the 14LSGM10 cell over time at 700 ˚C. Humidified H2 
was flown at 20 ml/min to the anode with and without the additional flow of CO and 

CO2. The cathode was exposed to stagnant air. 
 

 
Figure 113: Impedance spectra of the 14LSGM10 cell at 700 ˚C conducted at different 

time under a bias voltage of 0.7 V. while the cathode was exposed to stagnant air. 
 
 

 
Figure 114: Impedance spectra of the 14LSGM10 cell at 700 ˚C conducted at different 
time under a bias voltage of 0.7 V. Humidified H2 was flown at 20 ml/min to the anode 

with and without the additional flow of CO and CO2. The cathode was exposed to 
stagnant air. 
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Figure 115:  ASR of the 14LSGM10 cell at 700 ˚C over time under a bias voltage of      
0.7 V. Humidified H2 was flown at 20 ml/min to the anode with and without the 

additional flow of CO and CO2. The cathode was exposed to stagnant air. 
 
 

After being under a bias voltage of 0.7 V for 1.5 hours in humidified H2 then another 72 
hours with the addition of CO and CO2, the cell obtained a maximum power density of          
75 mWcm-2. The cell had an OCV value of 1.02 V in humidified H2, CO and CO2, which 
was slightly lower than in humidified H2, 1.12 V. 

 

 
Figure 116: Voltage and performance curves of the 14LSGM10 cell after testing in 

humidified H2 with the addition of CO and CO2 for 72 hours then in only wet H2  

for 1.5 hours at 700 ˚C. The cathode was exposed to stagnant air. 
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SEM images of the 14LSGM10 cell after testing are shown in Figure 117. Similar to the 
14LSGM3 cell, the LSC particles of the 14LSGM10 seemed to grow bigger after testing. 
The deposited LFO particles became larger and agglomerate together. The increase in 
particle sizes reduces the surface area of the functional materials. This phenomenon 
also reduces the contact of the material to the scaffold and the silver contact. This was 
reflected in the increase of the series resistance overtime when the cell was at 0.7 V in 
humidified H2, CO, and CO2.  

 
 

  

  
Figure 117: SEM images of the anode a) before and b) after testing; 

the cathode c) before and d) after testing of the cell 14LSGM10 

6.2.4 Testing of the LFO anode at 700°C in CH4  

As mention before, 80 to 95 % volume of the natural gas is made up of methane. In 
this study, the performance of LFO as an anode was investigated using methane as the 

fuel. Similar to the previous studies, a 130 µm LSGM electrolyte-supported cell was 
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infiltrated with 40 wt% LSC for the cathode and 30 wt% for the anode. The cell used in 
this study was labeled 14LSGM5. In order to compare its performance in CH4 to that of 
in H2, the cell was initially tested by flowing humidified H2 into the anode chamber at 

20 ml/min. The cathode was exposed to stagnant air. As shown in  
Figure 118, the 14LSGM5 cell obtained an initial maximum power density of 480 

mWcm-2 in humidified H2 at 700 °C. The initial performance of the 14LSGM5 cell was 
about 4% better than that of the cell 14LSGM3. This small enhancement in the 

performance could be from a slight difference in the active area of the cell. Impedance 
spectra conducted at OCV and presented in  

Figure 119 shows that the cell obtained a total resistance value of 0.51 Ωcm2 where 
0.21 Ωcm2 and 0.3 Ωcm2 were contributed from the series and polarization resistances 
respectively. The overall resistance of the 14LSGM5 cell also reflected the increased 
performance compared to that of the 14LSGM3 cell. The overall resistance of the 
14LSGM5 cell decreased by about 7% compared to that of the 14LSGM3 cell.  
 
 

 
Figure 118: Voltage and initial performance curves of the 14LSGM5 cell  

infiltrated with 40 wt% LSC and 30 wt% LFO at 700 °C. Humidified H2 was flown into 
the anode at 20 ml/min while the cathode was exposed to stagnant air. 
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Figure 119: Impedance spectra of the 14LSGM5 cell at OCV. Humidified H2 was flown 

into the anode at 20 ml/min while the cathode was exposed to stagnant air. 
 
 

The impedance spectra at different bias voltages presented in  
Figure 120 show that the performance of the 14LSGM5 cell was also dominated by the 
polarization resistance. At 0.9 V, the cell had an overall resistance of 0.615 Ωcm2 where 
0.22 Ωcm2 and 0.395 Ωcm2 were contributed respectively from the series and 
polarization resistances. The characteristics of the 14LSGM5 cell under different bias 
voltages in humidified H2 at 700 °C were similar to those of cells 14LSGM3 and 
14LSGM10. The series resistance of the 14LSGM5 cell decreased and the polarization 
increased as the bias voltage decreased. At 0.8 V, the series resistance of the cell 
decreased to        0.213 Ωcm2 while the polarization resistance increased to 0.452 
Ωcm2. The polarization resistance of the cell remained dominant and increased to 0.52 
Ωcm2 then 0.586 Ωcm2 as the bias voltage lowered to 0.7 V then 0.6 V respectively. 
However, there was little decrease in the series resistance. The cell obtained 0.208 
Ωcm2 at 0.7 V then          0.204 Ωcm2 at 0.6 V. As the bias voltage decreased to 0.5 V, 
the series resistance of the cell decreased to 0.196 Ωcm2 and the polarization 
resistance increased to 0.604 Ωcm2. The overpotential of the cell as a function of 
current density is presented in  
Figure 121 clearly displays that the characteristic of the VI curve was dominated by the 
polarization resistance of the 14LSGM5 cell.  
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Figure 120: Impedance spectra of the 14LSGM5 cell under different bias voltages in 

humidified H2. Humidified H2 was flown into the anode at 20 ml/min  
while the cathode was exposed to stagnant air. 

 
 

 
Figure 121: Overpotential as a function of current density with respect to different 

resistances of the 14LSGM5 cell at 700 °C. Humidified H2 was flown into the anode at 
20 ml/min while the cathode was exposed to stagnant air. 
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In order to monitor the performance of the 14LSGM5 cell in CH4 at 700 °C, the voltage 
was recorded over time while a current density of 375 mAcm-2 was being drawn from 

the cell. The voltage of the cell was initially monitored in humidified (3% H2O) H2 
flowing at 20 ml/min for 15 minutes then the fuel was switched to humidified (3% H2O) 

CH4 at the rate of 10 ml/min. At 375 mAcm-2 in humidified H2, the cell had an initial 
voltage of 0.83 V. After 15 minutes at 375 mAcm-2 in H2, the voltage of the cell lowered 

to 0.78 V. The voltage of cell started to decrease dramatically when humidified CH4 
was introduced while the flow of H2 was discontinued. The voltage of the cell 
decreased to 0.39 V in just 15 minutes under 375 mAcm-2 in humidified CH4. 

Thereafter, the voltage of the cell started to decrease at a faster rate. After 22 
minutes, the voltage of the cell dropped to 0.02 V. The measurement was stopped and 

the cell obtained a low OCV value of 0.81 V in humidified CH4. Impedance spectra of 
the cell at OCV in H2 or CH4 shown in  

Figure 123 display that there was no change in the series resistance. However, 
impedance spectra of the cell in CH4 suggest that the large decrease in the cell 
performance was dominated by the polarization resistance of the cell. The collected 
impedance spectra did not form a complete arc illustrating the Warburg impedance. 
The Warburg impedance appears as a straight line with an angel of 45° which is 
associated to diffusion. While operating in CH4, carbons could be deposited onto the 
surfaces of the anode, which in turns block the gas. 

 

 
Figure 122: Voltage of the 14LSGM5 cell overtime at 375 mA cm-2  
switching from 20 ml/min wet H2 to 10 ml/min wet CH4 at 700°C.  
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The cathode was exposed to stagnant air 
 

 
Figure 123: Impedance spectra of the 14LSGM5 cell at OCV flowing humidified H2 or 

wet CH4 to the anode at 700 °C. The cathode was exposed to stagnant air. 
 
 

After conducting the electrochemical impedance spectroscopy on the cell at OCV in 
CH4, the cell was put under a bias voltage of 0.5 V (Figure 124). The 14LSGM5 cell had 

an initial current density of 37 mAcm-2 at 0.5 V in humidified CH4. After 45 minutes 
under a bias voltage of 0.5 V in methane, the current density of the cell decreased to 

23 mAcm-2. After 45 minutes under 0.5 V, the methane flow was discontinued to 
introduce wet H2 into the anode chamber. Impedance spectra of the cell under 0.5 V 

captured under in CH4 shown in  
Figure 125 also display the Warburg impedance.  With increasing time under the bias 
voltage of 0.5 V, the series resistance of the cell increased from 0.195 Ωcm2 to 0.21 
Ωcm2 in 40 minutes. The polarization resistance of the cell also increased with time. 
When the cell was operating in CH4, carbon deposition would cause the cell to degrade 
much faster by providing less active site. The impedance spectra of the cell captured 
initially at 0.5 V had a smaller angle compared to that after 40 minutes in methane. 
After flowing H2 into the chamber for 15 minutes, the current density drastically 
increased to 465 mA cm-2. It took the cell about 45 minutes after introducing H2 for the 
current density to slowly level off. After 2 hours in wet H2, the performance of the cell 
had recovered and the current density of the cell reached 745 mAcm-2. The impedance 
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spectra of the cell after 2 hours in H2 from Figure 126 also show that the cell 
performed better in humidified H2 than in wet CH4. After switching back to H2 from 
CH4, the impedance spectra of the cell conducted in H2 formed a complete arc.  
 
 

 
Figure 124: Current density at 700 °C as a function of time of the 14LSGM5 under  

a bias voltage of 0.5 V flowing humidified CH4 then wet H2 to the anode. The cathode 
was exposed to stagnant air. 
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Figure 125: Impedance spectra of the 14LSGM5 cell at OCV and under a bias voltage of 

0.5 V at 700 °C over time. Humidified CH4 was flown to the anode while the cathode 
was exposed to stagnant air.  

 
 

 
Figure 126: Impedance spectra of the 14LSGM5 cell at 0.5 V at 700 °C. Humidified CH4 

or wet H2 was flown to the anode while the cathode was exposed to stagnant air. 



126 
 

 
 

In Figure 127, the cross-sectional SEM images of the anode after testing show that the 
LFO had agglomerated into larger particles compared to those before testing. In 
addition, there were some nano-particles growing around the edge of the LSGM anode 
scaffold. The behavior of the LSC particles before and after testing was similar to other 
tested LSGM electrolyte-supported cell. As seen in Figure 128, the LSC particles also 
grew bigger after testing. 

 
 

  
Figure 127: SEM images of the anode a) before  

and b) after testing of the cell 14LSGM5 
 
 

  
Figure 128: SEM images of the cathode a) before and  

b) after testing of the cell 14LSGM5 
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6.3 Summary 

Since ceria–based electrolyte is easy to reduce when testing at temperature higher 
than 550 °C, LSGM was considered to increase testing temperature. The 245 µm LSGM 
electrolyte-supported cell infiltrated with 40 wt% LSC for the cathode and 30 wt% LFO 
for the anode achieved a maximum power density of 277 mWcm-2 in humidified H2 at 
700 °C. When the cell was tested at 700 ˚C, LFO is at the edge of its stability. Due to 
this reason, the cell experienced a rapid degradation after an hour under a bias voltage 
of 0.7V. After one and a half hour under 0.7 V, the current density of the cell decreased 
from 189 mAcm-2 to 16 mAcm-2. 
 
Decreasing thickness of the LSGM electrolyte to 130 µm increased the maximum 
power density of the cell to 460 mWcm-2. Stability testing of the cell in humidified H2 
over 72 hours at a bias voltage showed that the cell never reached equilibrium and 
degraded at an average rate of 6.6%/h. After 23 hours of redoxidation of the anode, 
the performance of the cell increased by ~50%. However, the cell continued to 
degrade and never reached equilibrium.  
 
With the addition of CO and CO2, the performance of the cell decreased by 50% 
compared to that in only humidified H2. However, the average degradation rate of the 
cell over 72 hours with the addition of CO and CO2 was improved by 50%, 3%/h from 
6.6%/h.  
 
When the cell was tested in humidified CH4, the performance of the cell was much 
lowered compared to that of simulated reform fuel and only H2. After generating 375 
mAcm-2 for 20 minutes, the voltage decreased to from 0.78V 0.02V. The impedance 
spectra captured in methane show the Warburg impedance that is associated to 
diffusion. When operating in CH4, carbons could be deposited onto the surfaces of the 
anode, which in turns blocking the active sites for gas diffusion. 
 
These studies presented an overall performance of an LSGM electrolyte-supported cell 
infiltrated with 40 wt% LSC and 30 wt% LFO. In order to separate the anode process 
from the cathode process, a three-electrode measurement will need to be performed. 
For future work, it would also be useful to perform the fuel cell testing with the 
standard anode material such as Ni cermet for comparison.  
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7 LFO infiltrated LSGM Operating as a HDCFC 

7.1 Introduction to HDCFC 

Carbon can be obtained from different sources such as coal, hydrocarbon cracking, 
biomass and other sources. In 1896, William Jacques was the first to make a direct 
carbon fuel cell (DCFC) (203). Recently, there have been great interests in using fuel 
cells to convert carbon directly into electrical energy (204; 205; 206; 207; 208). 
 
Similar to SOFCs, a single DCFC and a molten carbonate fuel cell (MCFC) have 3 major 
components: the anode, the cathode, and the electrolyte. However, the DCFC uses 
solid carbon as fuel instead of hydrogen/hydrocarbon gaseous fuel. The hybrid direct 
carbon fuel cell (HDCFC) is an electrochemical device that converts solid carbon 
directly into electricity. This design was developed predominantly at the University of 
St. Andrews (209; 210; 211; 212; 213). The HDCFC combines aspects from MCFC and 
SOFC to overcome some design challenges.  
 
For a single MCFC, the reduction reaction at the cathode produces 𝐶𝑂32− ions as shown 
in Eq. 7-1. The 𝐶𝑂32− ion then travels through the electrolyte that is made up of molten 
K, Na, and Li carbonates in a porous structure. Once the 𝐶𝑂32− ion reaches the anode, it 
reacts with H2 to form H2O and CO2 as shown in Eq. 7-2. One of the challenges in 
designing the MCFC is the recirculation loop of the exhausted CO2 from the anode to 
the cathode. In addition, the high operating temperature of 650 °C and above limits 
the lifetime of the system due to corrosion (164).  
 
Cathode reduction reaction: 
 

𝐶𝑂2 +  
1
2
𝑂2 + 2𝑒− → 𝐶𝑂32−  

Anode oxidization reaction:  
 

𝐻2 +  𝐶𝑂32− → 𝐻2𝑂 + 𝐶𝑂2 + 2𝑒− 
 
The overal reaction of a MCFC: 

𝐻2 +  
1
2
𝑂2 → 𝐻2𝑂 

 
In 1979, Weaver introduced the molten carbonate electrolyte for direct carbon fuel 
cells (214). The direct carbon fuel cell achieves the highest theoretical efficient of 100% 

Eq. 7-1 

Eq. 7-2 

Eq. 7-3 
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which is independent of operating temperature (Figure 129). The oxygen molecules 
are reduced then travel through the electrolyte to react with the solid carbon to 
produce CO2.  
 
The overall reaction is  
 

𝐶 + 𝑂2 → 𝐶𝑂2                𝐸𝑜 = 1.02𝑉 
 
 

 
Figure 129: Theoretical thermodynamic efficient of  

different type of fuels as a function of temperature (215) 
 
 

Previously, Cooper reported that the use of eutectic molten carbonate enhances the 
active area and increases the electrochemical oxidation of carbon (216). Similar to the 
SOFC design, the HDCFC allows the oxide ions to travel through the solid and dense 
electrolyte such as 8YSZ, GDC, or LSGM. In addition, air is flown into the cathode 
chamber of the HDCFC, which eliminates the circulation of CO2 that would be required 
for a MCFC system. Recently, the group at the University of St. Andrews reported the 
performance of the HDCFC in converting carbon directly into electricity (210; 217; 209; 
218). The most recent work on HDCFC demonstrated a promising performance with an 
obtained power density of 878 mWcm-2 (218).  
 

Eq. 7-4 
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For the HDCFC system, the oxidant is flown into the cathode while a mixture of carbon 
and carbonate is deposited into the anode chamber. At the cathode-electrolyte 
interface, the oxygen molecules are reduced to oxygen ions (Eq. 7-5).  
 

𝑂2 + 4𝑒− → 2𝑂2− 
 
The ideal anodic reaction is the complete direct oxidation of carbon to CO2 (Eq. 7-6). 
However, CO is generated by partial oxidation (Eq. 7-7) and the reverse-boudouard 
reaction (Eq. 7-8). In addition, generated CO can also be oxidized (Eq. 7-9).  
 
  

𝐶 + 2𝑂2− → 𝐶𝑂2 + 4𝑒− 
 

𝐶 + 𝑂2− → 𝐶𝑂 + 2𝑒− 
 

𝐶 + 𝐶𝑂2 → 2𝐶𝑂 
 

𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒− 
 
The addition of molten carbonate can enhance the carbon oxidation in two ways: as a 
fuel carrier to assist the mass transport, or as an electrochemical mediator (Eq. 7-10, 
Eq. 7-11, and Eq. 7-12). The regeneration of carbonate ions by oxidation (Eq. 7-13) 
keeps the entire system neutral. 
 
  

𝐶 + 2𝐶𝑂32−+ → 3𝐶𝑂2 + 4𝑒− 
 
2𝐶 + 𝐶𝑂32−+ → 3𝐶𝑂2 + 2𝑒− 

 
𝐶 + 𝐶𝑂32− → 𝐶𝑂2 + 𝐶𝑂 + 2𝑒− 

 
𝐶𝑂2 + 𝑂2− → 2𝐶𝑂32−  

 

Eq. 7-5 

 
Eq. 7-6 

Eq. 7-7 

Eq. 7-8 

Eq. 7-9 

Eq. 7-10 

Eq. 7-11 

Eq. 7-12 

Eq. 7-13 
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Figure 130: Single cell schematic of a HDCFC 

7.2 Experimental  

7.2.1 Cell Preparation 

The cells used in this study were tape-cast LSGM electrolyte-supported SOFCs. Similar 
to the samples used in the previous studies, these LSGM cells had an average 
electrolyte thickness of 130 µm and porous LSGM scaffolds of 70 µm thick on each 
side. The cathode electrode was infiltrated with 40 wt% LSC while the anode was 
infiltrated with 30 wt% LFO. Silver wires were used to form a ring that defined an 
active area of 0.4 cm2. The silver ring with the contact leads was pasted onto the 
electrode surfaces with silver paste. These contacts were sintered at 450 °C for 45 
minutes. 

7.2.2 Experimental Setup and Procedures 

The cell was mounded onto the jig using the ceramic paste (Aremco, Ceramabond 
552). The mounted sample was left for a couple of hours before applying another thin 
layer of ceramic adhesive to provide a good sealing for the anode chamber. The 
sample was cured by slowly heating up at 1 °C/min to 200 °C and dwelled for 3 hours 
then slowly ramped down to room temperature at the same rate. Once the sample 
was completely cooled to room temperature, the jig was removed from the furnace to 
deposit the fuel, a mixture of carbon and carbonate, into the alumina tube. The mixed 
fuel had a 4 to 1 weight ratio of carbon (XC-72R, Cabot) to carbonate. The carbonate 
used was a eutectic mixture of 62 mol% lithium carbonate (Li2CO3) (Sigma-Aldrich, 
99%) and 38 mol% potassium carbonate (K2CO3) (Fisher, >98%). Once the fuel was 
deposited into the anode chamber, a heating rate of 5 °C/min was used to ramp from 
room temperature to the targeted testing temperature of 650 °C and 700 °C. To ensure 
the carbon/carbonate fuel was in contact with the anode, the alumina tube was 
installed vertically in an upside down position (Figure 131). During testing, N2 was 
flowing into the anode chamber at the rate of 20 ml/min. 
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Figure 131: Experimental set up for HDCFC testing 

7.3 Results and discussions 

7.3.1 Performance at 650 °C 

The LSGM electrolyte-supported cell that was used to test the performance of the LFO 
anode for a HDCFC at 650 °C was called 14LSGM8. The fuel cell test was performed 
while nitrogen was flown into the anode chamber and the cathode was exposed to 
stagnant air. When the testing temperature reached 650 °C, the cell obtained an initial 
OCV value of 0.976 V and a low series resistance of 0.126 Ωcm2 in carbon/carbonate 
fuel with N2 flowing at 20 ml/min. As shown in Figure 132, the polarization resistance 
of the cell increased with time. After 15 minutes at 650 °C, the OCV increased to 0.98 V 
and the recorded impedance response deflects at a larger angle to form a bigger arc 
which indicates that the polarization resistance of the cell increased. However, there 
was no change in the series resistance. The performances of the cell with respect to 
time at 650 °C also reflected the change in the resistances. The cell obtained an initial 
maximum power density of 105 mWcm-2. After dwelling at 650 °C for 15 minutes, the 
maximum power density of the cell decreased to 95 mWcm-2. From the VI curve in 
Figure 133, the recorded voltage was unstable at high current density because of the 
high air utilization. This is due the fact that no addition air was flowed onto the surface 
of the cathode.  
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Figure 132: Impedance spectra at OCV of the 14LSGM8 electrolyte-supported cell 

infiltrated with 40 wt% LSC for the cathode and 30 wt% LFO for the anode at 650 °C. 
The anode was filled with cabon/carbonate fuel while the cathode was exposed to 

stagnant air. 
 
 

 
Figure 133: Voltage and performance curves of the 14LSGM8 cell at 650 °C. The anode 
was filled with cabon/carbonate fuel while the cathode was exposed to stagnant air. 

 
Recorded impedance spectra of the 14LSGM8 cell under different bias voltages at    
650 °C are presented in  
Figure 134. As the bias voltage of the cell decreased, there was little change in the 
series resistance of the cell. At a bias voltage of 0.9 V, the cell had a series resistance of 
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0.142 Ωcm2. As the applied voltage decreased to 0.8 V, the series resistance increased 
to 0.148 Ωcm2 then to 0.156 Ωcm2 at 0.7 V. Similar to the impedance spectra measured 
at OCV, the overall resistance of the cell remained dominated by the polarization 
resistance. With increasing current density, the polarization resistance exhibited the 
Warburg impedance due to limitation of air. 

 
 

 
Figure 134: Impedance spectra of the 14LSGM8 cell at different bias voltages at 650°C. 

The anode was filled with cabon/carbonate fuel while the cathode was exposed to 
stagnant air. 

 
 

In order to investigate the performance of the 14LSGM8 cell at 650 °C in 
cabon/carbonate fuel, the current density of the cell was monitored over time at an 
applied voltage of 0.7 V. As shown in Figure 135, the cell obtained an initial current 
density of 60 mAcm-2. After 5 hours, the current density decreased to 35 mAcm-2, 

almost half of its initial value. The impedance spectra of the cell at a bias voltage of 0.7 
V that were captured in the first 5 hours are presented in  

Figure 136. The series and polarization resistances of the cell increased with time. 
Initially, the cell had a series resistance of 0.16 Ωcm2 at 0.7 V. After 1 hour under load, 
the series resistance of the cell increased to 0.192 Ωcm2, then 0.216 Ωcm2 after 2 
hours. In addition, the polarization resistance also increased with time by forming 
larger incomplete arcs. After 5 hours under 0.7 V, the series resistance increased to 
0.262 Ωcm2, which was 60% greater compared to its initial value. However, after 6 
hours under 0.7 V, the current density of the cell decreased at a slower rate exhibiting 
a less steep slope. After 35 hours under an applied voltage of 0.7 V, the current density 
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of the cell decreased to 18 mA cm-2, which was about 30% of its initial performance. 
The series resistance of the cell increased to 0.357 Ωcm2 after 35 hours (Figure 137). 
The recorded impedance responses of the cell at 0.7 V indicated that the performance 
of the cell over time remained dominated by the polarization resistance. In addition, 
the impedance spectra of the cell seemed to follow a trend that forms an angle of 
~45°, which indicate limitations due to diffusion.  
 
 

 
Figure 135: Current density of the 14LSGM8 cell over time at 650 °C. The anode was 

filled with cabon/carbonate fuel while the cathode was exposed to stagnant air. 
Impedance spectra was taken at every 20 minutes for the first 6 hours  

then at every hour. 
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Figure 136: Impedance spectra of the 14LSGM8 cell in the first 5 hours under an 

applied voltage of 0.7 V at 650 °C in cabon/carbonate fuel at the anode and stagnant 
air for the cathode. 

 
 

 
Figure 137: Impedance spectra of the 14LSGM8 cell in over 35 hours under an applied 
voltage of 0.7 V at 650 °C. The anode was filled with cabon/carbonate fuel while the 

cathode was exposed to stagnant air. 
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As presented in Figure 138 and Figure 139, the LFO anode and LSC cathode particles 
both agglomerated. The performance of the cell decreased as the particles grew larger 
since there were less active areas. In addition, the increase in the series resistance over 
time could cause by a decreased in the electrical contact due to particle growth. 
 

 
 

  
Figure 138: SEM images of the anode a) before and b) after testing of the cell 14LSGM8 

 
 

  
Figure 139: SEM images of the cathode a) before and b) after testing of the cell 
14LSGM8 
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7.3.2 Performance at 700 °C  

 
The performance of the LSGM electrolyte-supported cell as a HDCFC was also 
investigated at 700 °C. The sample used in this study was called 14LSGM11 and had a 
LSGM electrolyte thickness of 130 µm. The mixture of carbon and carbonate fuel was 
deposited into the anode chamber then heated up to 700 °C for testing. Nitrogen was 
flowing into the anode chamber while the cathode was exposed to stagnant air. When 
the temperature reached 700 °C, the cell obtained a good OCV of 1.01 V which was 
higher compared 0.98 V from the 14LSGM8 cell tested at 650 °C. Impedance spectra of 
the cell captured at OCV (Figure 140) show that it had a series resistance of 0.18 Ωcm2. 
The series resistance of the 14LSGM11 cell tested at 700 °C was greater than that of 
the 14LSGM8 cell tested at 650 °C. However, the low frequency response of the 
14LSGM11 cell displayed a more complete arc indicating that the electrochemical 
performance of the cell increased with increasing temperature. Similarly, the 
performance of the 14LSGM11 cell tested at 700 °C reflected the decrease in the 
resistance compared to the 14LSGM8 cell tested at 650 °C. As shown in Figure 141 , the 
14LSGM11 achieved a maximum power density of 160 mWcm-2 at 700 °C in 
carbon/carbonate fuel with N2 flowing at 20 ml/min. The performance of the 
14LSGM11 cell at 700 °C increased by 50% compared to that of sample 14LSGM8 
(comparing Figure 133 with Figure 141). 
 
  

 
Figure 140: Impedance spectra at different temperatures of the LSGM electrolyte-
supported cells infiltrated with 40 wt% LSC for the cathode and 30 wt% LFO for the 

anode at OCV in carbon/carbonate fuel and stagnant air for the cathode. 
 

0.1 Hz 
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Figure 141: Voltage and performance curves of the 14LSGM11 cell at 700 °C in 

cabon/carbonate fuel and stagnant air for the cathode. 
 
 

Impedance spectra of the 14LSGM11 cell under different bias voltages presented in 
Figure 142 indicate that the performance of the cell was dominated by the polarization 
resistance. At a bias voltage of 0.9 V, the cell obtained a series resistance of 0.19 Ωcm2 
at 700 °C compared 0.142 Ωcm2 of the 14LSGM8 cell tested at 650 °C (Figure 134). The 
series and polarization resistances of the cell increased as the bias voltage decreased. 
At 0.6 V the series resistance of the cell increased to 0.27 Ωcm2. Similar to the 
14LSGM8 cell tested at 650 °C, as the bias voltage of the cell decreased, the increase in 
the polarization resistance of the cell was much greater compared to the increase in 
the series resistance.  
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Figure 142: Impedance spectra of the 14LSGM11 cell under different bias voltages at 

700 °C in carbon/carbonate fuel and stagnant air for the cathode. 
 

 
The performance of the cell was examined with time by monitoring the current density 
of the cell at an applied voltage of 0.7 V. Initially, the cell had a current density of     
155 mAcm-2. As shown in Figure 143, the current density of the cell decreased rapidly 
to 130 mAcm-2 within the first hour of being under load. However, the current density 
of the cell slowly recovered to 140 mAcm-2 in the next 4 hours. Impedance spectra of 
the cell under 0.7 V at different times in Figure 144 reflect the decreased in the cell 
performance over time. The series and polarization resistances of the cell increased 
with time under load. Initially, the series resistance of the cell was 0.19 Ωcm2, which 
increased to 0.33 Ωcm2 after 5 hours under load. After 25 hours under 0.7 V, the 
current density of the cell decreased to 33 mAcm-2, which was about 20% of its initial 
performance of 155 mAcm-2. The series resistance of the cell increased to 0.56 Ωcm2 

after 25 hours under load. However, the increase in the series resistance of the cell 
was much less compared to the increase in polarization resistance. The current density 
of the cell suddenly dropped to 0 mAcm-2 after 25 hours under 0.7 V. This 
phenomenon could be cause by bad contacts or cell breakage. Impedance spectra of 
the cell captured at 25 hours displays bad responses, which suggest that the cell had 
poor contacts.  
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Figure 143:  Current density over time of the of the 14LSGM11 cell under 0.7 V bias 

voltage at 700 °C in carbon/carbonate fuel and stagnant air for the cathode. 
Impedance spectra were taken at every hour. 
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Figure 144: Impedance spectra of the of the 14LSGM11 cell under 0.7 V over time at 

700 °C in carbon/carbonate fuel and stagnant air for the cathode. 
 
 

Micrographs of the 14LLSGM11 cell after testing that were captured in back-scattered 
and SEM mode are presented in Figure 145. They clearly illustrate that the heavier 
LSGM material in the sample appeared much brighter. Cross-sectional SEM images of 
the anode-electrolyte and cathode-electrolyte interfaces of the 14LLSGM11 cell after 
testing presented in Figure 146 and Figure 147 show that there were needle crystals. 
The needle crystals presented in the cathode and the anode appeared to have the 
same brightness as the functional material, which indicates that they are from similar 
materials. As shown in Figure 147, the LFO and LSC particles agglomerated into larger 
ones after testing. In addition, there were also needle crystals growing out of the 
LSGM electrolyte (Figure 148). It would be useful to perform SEM under EDX mode to 
identify different elements in the infiltrated scaffold after testing.  
 

 

a) b) 
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Figure 145: Micrographs of the 11LSGM cell after testing a) in SEM mode b) back 
scattering mode. 
 

 

  

  

Figure 146: Micrographs of the anode of the 14LSGM11 cell a) before testing in SEM 
mode; after testing b) & c) in SEM mode and d) back scattering mode.   
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Figure 147: Micrographs of the cathode of the 14LSGM11 cell a) before testing in SEM 
mode; after testing b) & c) in SEM mode and d) back scattering mode   
 

  
Figure 148: Micrographs of the electrolyte of the 14LSGM11 cell after testing a) in SEM 
mode and b) back scattering mode 
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7.4 Summary 

The LSGM electrolyte supported cell infiltrated with 30 wt% LFO was also investigated 
as a HDCFC in carbon/carbonate fuel. The performance of the cell increased as the 
testing temperature increased. At 650 °C, the cell obtained an initial maximum power 
density of 105 mWcm-2. The maximum powder density increased by 50% when the 
testing temperature increased to 700 °C. However, captured impedance spectra of the 
cell show signed of limitation due to air under working condition. In addition, the cell 
degraded much faster when tested at higher temperature. Moreover, micrographs of 
after testing of the cell tested at 700 °C illustrated that there are presents of needle 
crystals in the electrodes and the electrolytes. 
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8 LFO Anode for cogeneration of chemical and electrical power 

Recently, there has been great interest in developing a SOFC system for the 
cogeneration of valuable chemicals and electricity (219; 220; 221; 222). The catalytic 
activity of LiFeO2 was explored for the oxidative coupling of methane reaction in a 
fixed bed reactor (FBR). In addition, LSGM electrolyte-supported cell infiltrated with  
30 wt% LFO was investigated as a cogenerating system that produced valuable C2 
hydrocarbons and electrical energy.  

8.1 Introduction 

In 1988, Pujare and Sammells were the first to use a SOFC system to generate C2 
hydrocarbons (ethylene and ethane) and electrical energy by oxidative coupling of 
methane (OCM) (223). In the petrochemical industry, ethylene is produced 
traditionally by steam cracking of hydrocarbon feedstock such as naphtha or ethane. 
Polyethylene consumes more than half of the world ethylene supply. Ethylene is used 
in agriculture to accelerate the ripening process (224). In the medical industry, 
ethylene is used as an anesthetic agent (225). There is great interest in using the fuel 
cell technology to cogenerate the high demand of electricity and valuable C2 
hydrocarbons. 
 

 
Figure 149: Global ethylene capacity over the years (226). 

 
The system Li–MgO is well known as a selective catalyst for the oxidative coupling of 
methane (OCM) and has been intensely investigated because of its high reactivity and 
C2 selectivity (227; 228; 229). Due to the volatile character of lithium and the 
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decreasing stability of the catalyst investigations have become fewer in the past. 
Moreover, Li-MgO has low electrical conductivity so it was required to develop a 
system by doping it with another metal such as NiO and La2O3 (230).  
 
The high temperature SOFC system is ideal for oxidative coupling reactions since it 
operates in the temperature range between 650 °C – 900 °C (231). Due to the increase 
in global oil demand and prices, the oxidative coupling of methane becomes an 
attractive process.  
 
 

 
Figure 150: Principle of operation of fuel cell system  

generating chemicals and electricity (232) 
 

Reactions for oxidative coupling of methane: 
 

2𝐶𝐻4  +  𝑂2  → 𝐶2𝐻4 + 2𝐻2𝑂 
 

4𝐶𝐻4  +  𝑂2  → 2𝐶2𝐻6 + 2𝐻2𝑂 
 

2𝐶2𝐻6  +  𝑂2  → 2𝐶2𝐻4 + 2𝐻2𝑂 
 
However, there are other reactions that can also happen and produce CO and CO2: 
 

𝐶𝐻4  +  
3
2
𝑂2  → 𝐶𝑂 + 2𝐻2𝑂 

 
𝐶𝐻4  +  2𝑂2  → 𝐶𝑂2 + 2𝐻2𝑂 

 

Eq. 8-5 

Eq. 8-4 

Eq. 8-1 

Eq. 8-3 

Eq. 8-2 
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𝐶2𝐻6   +  7
2
𝑂2  → 2𝐶𝑂2 + 3𝐻2𝑂 

8.2 Experimental 

8.2.1 Catalytic testing of LFO in a fixed bed reactor 

The LiFeO2 powder used in the fixed bed reactor was made via solid state synthesis and 
sintered at 850 °C. The catalytic properties of LFO for the oxidative coupling of 
methane were investigated at atmospheric pressure in the temperature range of 
700—800 oC.  A total of 0.3 g of LFO powder was loaded into a 10 mm wide quartz 
micro-reactor. The reactor was mounted vertically in the programmable furnace with a 
thermocouple placed in the center of the catalyst bed. CH4:O2:Ar in molar ratios of 
4:1:5 were fed into the FBR without any diluents. The gas products were sampled 
every 30 minutes to measure their compositions using an online gas chromatographer 
(GC) equipped with a thermal conductivity detector (TCD).  
 
The terms of the reaction performance were defined as follows: 
 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐶𝐻4 (𝑋𝐶𝐻4%) =  100 ×
 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4

 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶2 (𝑆𝐶2%) =  100 ×
 2 (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶2𝐻4 + 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶2𝐻6)

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4
 

 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝐶2 (𝑌𝐶2%) =  
(𝑆𝐶2%) (𝑋𝐶𝐻4%)

100
 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑂2 (𝑆𝐶𝑂2%) =  100 ×
 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓  𝐶𝑂2

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4
 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑂 (𝑆𝐶𝑂%) =  100 ×
 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓  𝐶𝑂

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4
 

 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑂𝑥 (𝑆𝐶𝑂𝑥%) =  (𝑆𝐶𝑂2%) + (𝑆𝐶𝑂%) 
 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐻2  (𝑆𝐻2%) =  100 ×
 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓  𝐻2

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4
 

 

Eq. 8-6 

Eq. 8-8 

Eq. 8-7 

Eq. 8-12 

Eq. 8-9 

Eq. 8-10 

Eq. 8-11 

Eq. 8-13 
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8.2.2 Oxidative coupling of methane of the SOFC with LFO anode 

The LSGM cell was used to investigate the performance of the cell for the cogeneration 
of chemicals and electricity. The cell was prepared via the tape casting method. To 
ensure that the microstructure of the LSGM cell remained the same, the dense 
electrolyte and porous scaffold were tape casted using the same recipes mentioned in 
the previous chapters. Multiple layers of the scaffold-formulated tapes were laminated 
together to achieve a thickness of 230 µm after sintering (Figure 151). The final 
thickness of the electrolyte was 100 µm (Figure 152), which is less than previously 
tested LSGM cells (245 µm and 130 µm). This was done to reduce the ohmic loss of the 
cell by casting the tape with a smaller gap.  
 
 

 
Figure 151: Cross-sectional image of the 230 µm LSGM scaffold before infiltration. 
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Figure 152: Cross-sectional image of the 100 µm LSGM electrolyte. 

 
 

Similar to the previous studies, the cathode was infiltrated with the La0.6Sr0.4CoO3–δ 

(LSC) nitrate solution to obtain a final weight of 40%. The anode was infiltrated with 
LiFeO2 aqueous solution to achieve 30 wt%. Silver wires and pastes were used to 
provide bonding and contacts.  
 
The experimental setup to test the performance of the cell was the same as shown in 
Figure 64. The testing was conducted at different temperatures while the atmosphere 
was kept constant. The co-generation of chemical and electricity was observed in CH4 
flowing at the rate of 20 ml/min. Ambient air was flown into the cathode. Impedance 
spectroscopy was obtained in a frequency range between 0.1 Hz and 1 MHz. The 
generation of C2 hydrocarbons (C2H4 – ethylene and C2H6 – ethane) was observed by 
applying a constant voltage of 0.3 V on the cell for 20 minutes. The exhaust of the 
anode gas was connected to the mass spectrometer (MS) (Prolab 300, Thermo 
Scientific) and an online–GC. 

8.3 Results and discussion 

8.3.1 Catalytic properties of LiFeO2  

The catalytic performance of LFO was tested between 700—850 °C in CH4:O2:Ar at a 
molar ratio of 4:1:5 and a constant gas hourly space velocity (GHSV) at 10000 ml g-1 h-1. 
Figure 153 presents the catalytic activities of LFO for OCM. As the temperature 
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increased, the methane conversion increased. The conversion of methane increased 
rapidly from 12.3% to 17.8% as the temperature increased from 700 °C to 750 °C. At 
850 °C, the conversion of methane increased to 22%. The C2 yield also increased with 
increasing temperature. LFO had a C2 yield of 7.7% then increased to 16% as the 
temperature increased to 850 °C. However, the optimum operating temperature 
seemed to be at 750 °C where the C2 hydrocarbon selectivity was 79%. Carbon balance 
was performed at different temperatures are presented in Table 11. At 700 °C, the low 
carbon balance of 87.5% could due to error in measurement and/or carbon deposition 
on the LFO catalyst.  
 

 
Figure 153: Catalytic performance of LiFeO2 at different temperatures 

 in CH4/O2 of 4 at GHSV of 10000 ml g-1 h-1 
 
 

Temp (°C) XCH4 (%) SC2 (%) SCOx (%) YC2 (%) 
Carbon  

Balance (%) 
700 12.3 62.6 24.9 7.7 87.5 

750 17.8 79.4 25.6 14.1 105 

800 21 76.7 24.3 16.1 101 

850 21.9 74.2 28.1 16.2 102.3 

Table 11: Catalytic performance and carbon balance of LiFeO2 at different 
temperatures in CH4/O2 of 4 at GHSV of 10000 ml g-1 h-1 
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The catalytic activity for oxidative coupling of methane of LFO was monitored in    
10000 ml g-1 h-1 GHSV and CH4/O2 = 4 at the optimum operating temperature of 750 °C. 
Over 30 hours, the methane conversion was maintained at 15-17 % and the C2 
selectivity remained around 73-79 %. XRD pattern of LFO powder after testing in the 
FBR shows higher intensity of peaks compared to before testing (Figure 155). In 
addition, the carbon peak at 2θ = 28o was not detected after testing.  
 
 

 
Figure 154: Methane oxidative reaction of LFO as a function of time 

at 750 °C, 10000  ml g-1 h-1 GHSV and CH4/O2 = 4 
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Figure 155: XRD patterns of LFO powder before and after testing in the FBR  

for 30 hours at 750 °C, 10000  ml g-1 h-1 GHSV and CH4/O2 = 4 
 
After 30 hours in 10000 ml g-1 h-1 GHSV and CH4/O2 = 4 at 750 °C, the surface area of 
LFO decreased to 2.9 m2g-1 compared to that of 3.2 m2g-1 before testing (Table 12). The 
pore size of the LFO powder also decreased after testing. SEM images of LFO powder 
before and after testing in Figure 156 demonstrate that LFO particles had increased in 
size, which reflects the decrease in surface area. In addition, the particles of the LFO 
after testing seemed to be necking together which reduced the porosity of the 
powder. 
 
 

LiFeO2 
Catalyst 

BET-surface  
(m2g-1) 

Pore volume 
(cm3g-1) 

Pore size 
(nm) 

Before testing 3.2 0.008 13.4 

After testing 2.9 0.008 13.0 

Table 12: Surface areas, average pore sizes and pore volumes of LFO before and after 
testing in the FBR for 30 hours at 750 °C, 10000  ml g-1 h-1 GHSV and CH4/O2 = 4 
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Figure 156: SEM images of LFO powder a) before and b) after testing in the FBR  

for 30 hours at 750 °C, 10000  ml g-1 h-1 GHSV and CH4/O2 = 4 

8.3.2 SOFC with LiFeO2 anode as cogeneration of chemical and electricity 

The LSGM cell with the 230 µm porous scaffold on either side was infiltrated with       
40 wt% LSC for the cathode and 30 wt% LFO for the anode. This specimen was used to 
investigate the performance of the LFO anode as a cogeneration device. The cell was 
tested in dry and humidified CH4 flowing at a rate of 20 ml/min at 750 °C. The cathode 
was exposed to stagnant air. Impedance spectra of the cell presented in Figure 157 
show that the cell obtained a series resistance of 0.245 Ωcm2 in humidified (3% H2O) 
CH4. The series resistance of the cell increased slightly to 0.262 Ωcm2 when the fuel 
was switched to dry methane. In addition, the captured impedance spectra in both wet 
and dry CH4 show signs of diffusion limitations. However, the polarization of the cell in 
wet CH4 seems to be smaller compared to that in dry CH4.  

 

a) b) 
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Figure 157: Impedance spectra at 750°C of LSGM electrolyte-supported cell infiltrated 
with 30 wt% LFO for the anode and 40 wt% LSC for the cathode at OCV when wet or 

dry CH4 was flown into the anode. The cathode was exposed to stagnant air. 
 
As shown in Figure 158, the OCV value of the cell was slightly higher in dry CH4 than 
wet CH4. The cell obtained an OCV value of 0.82 V in dry methane compared to 0.79 V 
in wet CH4. The performance of the cell was also better in dry methane than wet 
methane. The cell obtained a maximum power density of 29 mWcm-2 in dry CH4. In 
order to observe the amount of C2 chemicals produced by the cell, the cell was put 
under a bias voltage of 0.3 V. As shown in Figure 159, methane conversion was around 
0.5% at OCV in humidified CH4. However, the methane conversion increased to 3.1% 
after applying 0.3 V to the cell for 30 minutes. At the highest methane conversion rate, 
the cell achieved a good C2 hydrocarbon selectivity of 85.2% and a C2 yield of 2.6% 
(Table 13).  
 
When the fuel was changed to dry methane, the maximum power density of the cell 
increased to 32 mWcm-2. There was little change in the methane conversion. In dry 
methane, the methane conversion was 3.4% compared to 3.1% in humidified CH4. 
However, the selectivity of methane decreased slightly to 83.4% in the dry fuel 
condition compared to 85.2% in wet methane.   
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Figure 158: Performance curves at 750 °C of the LSGM cell with 30 wt% LFO when wet 

or dry CH4 was flown into the anode while the cathode was exposed to stagnant air. 
 
 

 
Figure 159: Methane conversion and current density at 750 °C of the LSGM cell with 30 
wt% LFO when humidified CH4 was flown into the anode. The cathode was exposed to 

stagnant air. 
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CH4 XCH4 (%) SH2 (%) SC2 (%) SCO2 (%) YC2 (%) 
Carbon  
Balance 

Wet 3.1 14.1 85.2 9.5 2.6 94.7 

Dry 3.4 8.3 83.4 9.1 2.8 92.5 

Table 13: The catalytic performance of the LSGM cell infiltrated with 30 wt% LFO under 
0.3V at 750 °C. Wet and dry CH4 was flown into the anode at 20ml/min while the 

cathode was exposed to stagnant air. 

8.4 Summary 

In this chapter, the activity of LiFeO2 for OCM reaction was investigated. LFO powder 
tested in CH4 maintained a methane conversion rate of 15-17% and the C2 selectivity 
remained around 73-79% for 30 hours. LSGM cell infiltrated with 40 wt% LSC and 30 
wt% LFO achieved a maximum power density of 30 mWcm-2 while obtaining the CH4 
conversion of around 3%. The cell achieved a high C2 selectivity of around 80% in dry or 
wet methane. Captured impedance spectra of the cell in wet and dry methane suggest 
that there is limitation due to gas diffusion. 
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9 Conclusion 

In this study, LiFeO2 was investigated as an anode material for high temperature fuel 
cells. Under reducing atmosphere, LFO has good electronic conductivity. The 
conductivity of LFO is dependent of temperature and time. When reduced in 5% H2, 
LFO decomposes and introduces two more phases, a metallic Fe and Li5Fe04. 
Interestingly, the crystal structure of the reduced LFO is reversibly attained.  
  
Since the TEC value of LFO was much higher compared to the commonly used 
electrolytes, all tested button cell was fabricated via the tape casting and infiltration 
methods. The cathode was prepared by infiltrating LSF or LSC into the scaffold while 
LFO was infiltrated into the scaffold for the anode. The continuous formation of    
nano-particles on the scaffold also resolves the mismatch in TEC values between the 
electrode and the electrolyte.  
 
Compatibility testing of 8YSZ and LFO showed that they react with each other after 
sintering both powder in air for 24 hours. In addition, LFO is unstable above 700 °C. 
Due to this reason, the cell performance of the cell decreased when tested at 700 °C 
and above. 
 
Performance of the scaffold infiltrated with LFO improved as the temperature 
increased for cells with CGO or LSGM electrolyte in humidified H2. CGO cell infiltrated 
with 40 wt% LFO had a maximum power density of 180 mWcm-2 in humidified H2 at 

650 °C. LSGM cell impregnated with 30 wt% LFO achieved a maximum power density 
of 460 mWcm-2 at 700 °C in humidified H2. Increasing the operating temperature to 
700 °C improve performance of the cell. However, there are some drawbacks when 
operating the cell at the edge of the stability of LFO. The cell degraded much faster 
when operating at higher temperature. In reducing atmosphere, LFO decomposes and 
poses more electronic conductivity with increasing temperature and reduction time. 
This benefit seemed to be negated by the degradation rate and particle growth. 
Particle growth reduces the surface area for the electrochemical activity. Since there 
are many components in the fuel cell, the agglomeration of LFO also affect the bonding 
of the functional material and the current collector. Due to these reasons, cell 
infiltrated with LFO never reached an equilibrium state. Operating temperature of the 
system should be below 700 °C to maintain better stability and avoid major 
decomposition under reducing atmosphere.  
 



159 
 

LSGM cell infiltrated with LFO seemed promising as a HDCFC.  VI curves and impedance 
spectra showed sign of limitation due to high air utilization. However, the performance 
of the cell can be improved by flowing air into the cathode. Future investigation on 
improving the performance of the system should consider different type of carbon 
fuels and vary the ratio of carbon to carbonate. 
 
In addition, LFO also poses some promising characteristics as a catalyst for OCM. LFO 
powder tested in CH4 maintained a methane conversion rate of 15-17% and the C2 
selectivity remained around 73-79% for 30 hours. LSGM cell infiltrated with 40 wt% LSC 
and 30 wt% LFO achieved a maximum power density of 30 mWcm-2 while obtaining 
the CH4 conversion of around 3%. The cell achieved a high C2 selectivity of around 80%.  
 
From this study, LFO has proven to be a good candidate for HDCFC and cogeneration 
system that produces electricity and valuable chemicals such as ethane and ethylene.  
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Abbreviation, Symbols, and Physical Constants 

  
∆G Gibbs free energy 
∆H Enthalpy change 
∆S Entropy change 
8YSZ 8 mol% yttria (Y2O3) stabilized zirconia (electrolyte) 
AFC Alkali Fuel Cell  
ASR Area specific resistance 
C Capacitor 

CGO/GDC Gadolinia doped ceria - Ce0.9Gd0.1O1.95-δ (electrolyte) 
d distance 
DBP Dibutyl phthalate 
DCFC Direct carbon fuel cell 
DIL Dilatometer 

Dmeas Measured density 

Drelative Relative density 

Dtheo Theoretical density 
E Voltage potential 

Ecell Cell potential  
EMF Electromotive force  
F Faraday's constant (96485 C mol-1) 
ƒ correction factor (in Van der Pauw's resistivity, Eq. 2-2) 
FBR Fixed bed reactor 
FW Formula weight 
GC Gas chromatographer 
GHSV gas hourly space velocity 
HDCFC Hybrid direct carbon fuel cell 
HPD High power density  
I Current  
ITSOFC Intermediate-temperature Solid Oxide Fuel Cell 
K Equilibrium constant of the reaction 

LFO Lithium Iron Oxide - LiFeO2 (anode) 

LSC Lanthanum Strontium Cobalt Oxide - La0.6Sr0.4CoO3–δ (cathode) 
LSCF Lanthanum Strontium Cobalt Iron Oxide 

LSF Lanthanum Strontium Ferrum - La0.8Sr0.2FeO3-δ (cathode)  
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LSGM La0.9Sr0.1Ga0.8Mg0.2O3–δ (electrolyte) 

LSM Strontium-doped LaMnO3  
MCFC Molten Carbonate Fuel Cell  
MEK Methyl ethyl ketone  
MS Mass spectrometer 
MSR Methane steam reforming  
n Number of charged paricles 
N Avogadro’s number (6.0221367 x 1023 mol-1) 

ƞmax Maximum efficiency  
OCM Oxidative coupling of methane 
OCV Open-circuit-voltage 
PAFC Phosphoric Acid Fuel Cell  
PEG Polyethylene glycol 
PEM Polymer Electrolyte Membrane  

pO2 Partial pressure of oxygen  
PVB Polyvinyl butyral  
q Electric charge 
Q Reaction quotient 
R Gas constant (8.31 J mol-1 K-1) 
R Resistance 

RP Polarization resistance 

RS Series resistance 

RT Total resistance 

SC2 Selectivity of C2 (C2H4 + C2H6) 

SCO Selectivity of CO 

SCO2 Selectivity of CO2  

SCOx Selectivity of (CO2 + CO) 
SEM Scanning electron microscope  
SMR Steam methane reforming 
SOFC Solid Oxide Fuel Cell 
T Temperature 
TCD Thermal conductivity detector 
TEC Thermal expansion coefficient 
TGA Thermo-Gravimetric Analysis  
TPB Triple phase boundary  
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V Volume 
V Voltage 

Wmax Maximum electric work  
wt Weight 

XCH4 Conversion of CH4 
XRD X-ray diffraction  

YC2 Yield of C2 (C2H4 + C2H6) 
Z Number of formula units in the cell 
α disordered  phase  
λ wavelength 
π pi cpnstant (3.14) 

ρvdP Ionic resistivity measured using the Van der Pauw's technique 
σ Conductivity 
τ Time constant 
ω Radial frequency 
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