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Abstract 

The stability, sulfur tolerance, and electrochemical performance of Ni-YSZ (yttria-

stabilized zirconia) composites and single phase La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca, (LMFCr)) 

perovskites, for use as fuel electrodes for reversible solid oxide fuel cell (RSOFC) applications, 

were investigated in detail. RSOFCs are electrochemical devices that can be operated in both the 

solid oxide fuel cell (SOFC) and solid oxide electrolysis cell (SOEC) modes. Although Ni-YSZ 

is the most common fuel electrode for RSOFC applications, it is prone to sulfur poisoning in 

ppm H2S levels at operating temperatures > 650 oC, thereby decreasing the rate of the hydrogen 

oxidation/reduction reaction (HOR/HER).  

It is shown that, at ≤ 650 oC, exposure of Ni-YSZ to ≤ 10 ppm H2S unexpectedly 

enhanced the HOR activity, while at higher temperatures, conventional Ni poisoning was seen.  

It was concluded that the activation behaviour at ≤ 650 oC was due to the formation of a catalytic 

Ni-S species (e.g., Ni3S2) at the triple phase boundary where the HOR/HER occurs. The sulfur 

tolerance of LCFCr electrodes was also investigated in H2 + low ppm H2S, with LCFCr showing 

the inverse behavior of Ni/YSZ. At > 700 oC, exposure of LCFCr to ≤ 10 ppm H2S activated the 

HOR/HER, while deactivation was seen at ≤ 700 oC. It was concluded that exposure of LCFCr to 

H2S at higher temperatures led to an increase in the density of surface FeO2 terminated species, 

the proposed active site for the HOR/HER.  

The LSFCr materials were also shown, for the first time, to be very active (comparable or 

better than other oxide materials (e.g., La1-xSrxCr1-yMnyO3-δ)) and stable electrocatalysts in 

CO/CO2 gas environments in both the SOFC and SOEC reaction directions at 600-800 oC. 

LSFCr was shown to be structurally stable in pure CO2 and 70% CO2:30% CO mixtures at 800 

oC, with no major impurities detected. Also, extensive electrochemical characterization, based on 
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both 2-electrode and 3-electrode full and half cell configurations, showed that LSFCr was more 

active as an electrocatalyst for the reduction of CO2 than for the oxidation of CO. Furthermore, it 

was found that the surface interaction of CO2 with LSFCr (adsorption, dissociation, electron 

transfer) was the slowest step in the reaction, relative to oxide ion transport processes. 
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Chapter One: Introduction  

1.1 Project background 

The increase in the world’s energy demand, coupled with climate change issues, have led to 

efforts to reduce CO2 emissions from fossil fuel consumption by incorporating renewable 

electrical energy sources, such as hydropower, wind and solar, into the energy sector1, 2. 

According to the Renewable Energy Network 21st Century (REN21) 2016 renewables report3, in 

2015, renewable energy contributed about 23.7% (1,849 GW) to global electricity, showing an 

increase of 8% from 2014. Out of the 23.7% renewable power capacity in 2015, hydropower 

contributed about 16.6% (1064 GW), wind contributed 3.7% (433 GW), and solar photovoltaics 

(PV) contributed 1.2% (227 GW) (Figure 1.1). Further, the capacity of wind power increased 

from 59 GW in 2005 to 433 GW by the end of 2015, while solar photovoltaic (PV) global 

capacity increased from 5.1 GW in 2005 to 233 GW in 2015.  

Some of the reasons for the rapid growth in renewables includes environmental concerns, 

improving price competitiveness of renewable technologies, policy initiatives, and the growing 

energy demand of developing and emerging economies3. However, energy production from solar 

and wind is intermittent, and thus electricity generated when these sources are readily available 

and demand is low must be efficiently stored for later use when energy is needed.  

There are various types of electrical energy storage systems, each having different 

discharge times (seconds to hours) and storage capacity (kW to MW). The two areas gaining 

extensive research interest are batteries (Li-ion, redox-flow) and chemical storage (H2), using 

reversible fuel cells (electrolysers). With electrolyzers, surplus electrical energy is stored as 

chemical energy by the conversion of H2O and/or CO2 to H2 and/or CO. The two types of 

electrolyzers are low-temperature electrolysers (< 100 oC), such as proton exchange membrane 
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systems (PEM) and, alkaline electrolysers, and high-temperature electrolysers (> 500 oC), such 

as solid oxide electrolysis cells (SOECs). 

 
 

Figure 1.1 Schematic showing the estimated renewable energy share of global electricity 

production in 2015. Percentages do not add up internally due to rounding3. 

 

Even though renewable energy (RE) generation has increased in the past few years and is 

being projected to increase further in the coming years, fossil fuel sources still continue to 

dominate our energy supply4. The International energy outlook 2016 report from the U.S. Energy 

Information Administration (May 2016)4 projected that, up to 2040, the world’s dependence on 

fossil fuels will continue to increase, as shown in Figure 1.2a. This is expected to lead to an 

increase in the world’s energy CO2 emissions (Figure 1.2b). If greenhouse gas (GHG) emissions 

are not controlled, by the end of the 21st century, it has been projected that the earth’s 

temperature will be close to 5 oC higher than at present5, 6.  
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Figure 1.2 Graphs showing (a) the world total energy consumption (quadrillion Btu) by 

energy source from 1990 to 2012 and a projection from 2012 to 2040. In (a) the dotted lines 

for coal and renewables show the projected effects of the U.S. Clean Power Plan, and (b) 

the world energy-related CO2 emission (billion metric tons) by fuel type from 1990 to 2012 

and a projection from 2012 to 20404. 

 

Therefore, it is critical to mitigate CO2 emissions to minimize the predicted increase in 

the earth’s temperature. Some of the strategies being adopted include carbon capture and storage 

(CCS) and carbon conversion and utilization (CCU). Briefly, in CCS, CO2 is captured by pre-

combustion, post-combustion, or oxy-fuel methods and the captured CO2 is then compressed and 

transported for either geological or ocean storage. To meet the Paris Conference of Parties (COP 

21, 2015) agreement climate goals of limiting the earth temperature increase to < 2 oC, an 

acceleration of CCS development and deployment is very important7. Currently, there are 21 

large-scale CCS projects in operation or construction, with a combined CO2 capture capacity of 

about 40 million tons annually7. It has been reported that, in order to meet the 2 oC target, an 

estimated 4,000 million tons of CO2 need to be captured and stored in 20407, 8. However, one of 

the main challenges of CCS technology is that it requires large capital investment, therefore 

hindering its rapid implementation9. 
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In CCU, the captured CO2 is either utilized directly in, for example, enhanced oil 

recovery (EOR), or is used as a feedstock to produce useful marketable chemicals, such as 

methanol, ethanol or urea10, 11. The four main approaches used for CO2 conversion to higher 

value products are chemical conversion, mineralization, biological conversion, and 

electrochemical conversion11. In electrochemical conversion, extensive research is being carried 

out to convert CO2 to fuel at either low or high operating temperatures. The low-temperature 

(<100 oC) conversion of CO2 has been attempted in aqueous, organic, or ionic liquid solvents, 

typically using metal-based catalysts (Cu, Au, Sn, Pd etc.), producing H2, CO, formic acid, 

methanol, ethanol etc.12, 13. However, these reactions are very slow, requiring high 

overpotentials, and are also not selective13, 14.  

For these reasons, research is also focused on high temperature (HT) electrolysis systems, 

particularly reversible solid oxide fuel cells (RSOFCs). RSOFCs are single units that can run in 

both the electrolysis mode (solid oxide electrolysis cell (SOEC)) and the electricity generation 

mode (solid oxide fuel cell (SOFC)) at high temperatures (600-950 oC). RSOFCs are very 

efficient and have both thermodynamic and kinetic advantages over the low temperature 

systems. RSOFCs can be used for the electrolysis of H2O to H2, CO2 to CO, or the co-

electrolysis of H2O+CO2 to syngas (H2+CO) and CH4
15-17. The syngas can then be used as a 

feedstock for the Fischer-Tropsch process to produce synthetic fuels. 

  Solid oxide cells for the electrolysis of H2O and the co-electrolysis of CO2/H2O were 

first employed by NASA in the 1960s to produce O2 for life support and propulsion in 

submarines and spacecraft18-22. The HOT ELLY project in Germany in 1975 was the first SOEC 

project that was not related to space exploration23. This project focused on H2 production through 

water electrolysis. Throughout the 1980s and 1990s, less research was carried out in the area of 
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SOECs until the late 1990s, when the concept of solid oxide electrolysis cells (SOECs) for the 

production of H2 or syngas gained more attention. 

Most of the RSOFC research reported in the literature is focused on Ni-YSZ (yttria 

stabilized zirconia) composite fuel electrodes, where fuel is either oxidized (at the SOFC Ni-YSZ 

anode) or reduced (at the SOEC Ni-YSZ cathode), a YSZ electrolyte separator, and a lanthanum 

strontium manganite (LSM) oxygen electrode for the reduction of O2 (SOFC cathode) or 

oxidation of O2- (SOEC anode). While Ni-YSZ/YSZ/LSM RSOFC systems (‘/’ represents a 

solid-solid interface), operated at 800oC-1000 oC, are efficient, Ni-YSZ is susceptible to sulfur 

poisoning and coking, which significantly lowers cell performance24-26. Ni coarsening is another 

major issue during long term operation of RSOFCs, leading to degradation of the cell via loss of 

the triple phase boundary (TPB), the region at which the redox reaction occurs26.  

Many of these SOFC and SOEC problems can be minimized by employing Ni-free 

catalysts. This has led to extensive research on the synthesis and electrochemical characterization 

of redox-stable metal oxides, such as perovskites, e.g., La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM), which 

exhibit good performance and durability in both the SOFC and SOEC modes27.  

 

1.2 Research objectives 

The primary objectives of this thesis are to develop stable and active electrocatalysts for 

use as fuel electrodes in reversible solid oxide fuel cells (RSOFCs), with a particular emphasis 

on CO2/CO reactions and determining the effect of low levels of H2S in the fuel stream on 

electrode performance. The early part of the work was focused on Ni-YSZ fuel electrodes, then 

moved toward mixed ionic and electronic conducting perovskite oxides, specifically 

La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca). The specific objectives of this research are: 
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• To compare and understand H2S interactions with conventional Ni-YSZ fuel electrodes 

and La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) perovskites at 500-800 oC in a humidified H2 gas 

stream. 

•  To determine the activity and stability of La0.3Sr0.7Fe0.7Cr0.3O3-δ during CO2 reduction 

and CO oxidation in pure CO2 and mixed CO2/CO gas environments. 

• To better understand CO2 reduction and CO oxidation at La0.3Sr0.7Fe0.7Cr0.3O3-δ using 

advanced electrochemical methods. 

 

1.3 Thesis organization 

This thesis is divided into 8 chapters. Chapter 1 provides an overview of the use of 

reversible fuel cell technology as a conversion device to store surplus electrical energy 

(electricity) as chemical energy through the electrolysis of water and/or CO2 to H2 and/or CO. 

This is also relevant to the storage of renewable energy when demand is low and the conversion 

of H2 and/or CO to electricity when demand is high. Chapter 1 also discusses the thesis 

objectives and organization.  

Chapter 2 contains a literature review of reversible solid oxide fuel cells (RSOFCs), 

operated in either the fuel cell or electrolysis mode. The thermodynamics, material challenges, 

and stability of RSOFCs are reviewed. Also, Chapter 2 discusses the advances made in the 

synthesis of new materials, with emphasis on perovskites for RSOFC development. The 

experimental and methods used in this thesis are described in Chapter 3.  

The thesis research results are given in Chapters 4 to 7. Each of the results chapters has a 

short introduction, results and discussion section, and a summary section. Chapters 4 and 5 are 

focused on the sulfur tolerance of conventional Ni-YSZ fuel electrodes and a 
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La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) perovskite electrode in ≤ 10 ppm H2S at 500-850 oC. Chapters 6 

and 7 discuss the stability,  performance and electrochemical processes at La0.3Sr0.7Fe0.7Cr0.3O3-δ 

(LSFCr) during CO2 electrolysis and CO oxidation over a temperature range of 650-800 oC.  

Specifically, Chapter 4 discusses the behavior of Ni-YSZ anodes (fuel electrodes) 

towards hydrogen oxidation in the presence of low ppm levels of H2S, especially at sub-600 oC. 

This work involved a joint effort between a previous M.Sc. student, Lisa Deleebeeck, and a 

collaboration with Drs. Tom Ziegler and Maxim Shishkin (University of Calgary) and Drs. 

Stephen Skinner and Andrea Cavallaro (Imperial College, London). The majority of the data 

shown in this chapter were collected by P. Addo, with some results from L. Deleebeeck used for 

comparison. The results shown in Chapter 4 have been published (L. Deleebeeck, M. Shishkin, 

P. Addo, S. Paulson, H. Molero, T. Ziegler and V. Birss, Activation of H2 oxidation at sulphur-

exposed Ni surfaces under low-temperature SOFC conditions, Physical Chemistry Chemical 

Physics, 2014. 16(20): p. 9383-9393). 

 Chapter 5 gives a comparison of the electrochemical performance of 

La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) and La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) towards the hydrogen 

oxidation reaction (HOR) and, for the first time, examines the sulfur tolerance of 

La0.3Ca0.7Fe0.7Cr0.3O3-δ in low ppm levels of H2S in the temperature range of 600-850 oC. Some 

of the text and figures in Chapter 5 have been published (P. K. Addo, B. Molero-Sánchez, A. 

Buyukaksoy, S. Paulson and V. Birss, Sulfur tolerance of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) 

solid oxide fuel cell anodes, ECS Transactions, 2015. 66: p. 219-228), with the majority of the 

data and text shown in this chapter collected by P. Addo.  

The first part of Chapter 6 involves the characterization of LSFCr using various 

analytical techniques to establish its chemical stability in dry CO2 and CO2/CO before being used 
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as an electrode for symmetrical RSOFC development. The chapter also examines the 

electrochemical performance and stability of a symmetrical LSFCr full cell towards CO2 

electrolysis and CO oxidation. Some of the text and figures have been published (P. K. Addo, B. 

Molero-Sanchez, M. Chen, S. Paulson and V. Birss, CO/CO2 study of high performance 

La0.3Sr0.7Fe0.7Cr0.3O3-δ -reversible SOFC electrodes, Fuel Cells, 2015. 15(5): p. 689-696), with 

the data and text shown in this chapter having been collected by P. Addo.  

Chapter 7 seeks to understand the various electrochemical processes associated with CO2 

reduction and CO2 oxidation in a LSFCr-based 3-electrode half cell (electrolyte-supported), 

operated in pure CO2 and in a range of CO2:CO mixtures. Some of the text and figures have been 

published (B. Molero, P. Addo, A. Buyukaksoy, and V. Birss, Electrochemistry of 

La0.3Sr0.7Fe0.7Cr0.3O3 as an oxygen and fuel electrode for RSOFCs, Faraday Discussions, 2015. 

182: p.159-175), while the data and text shown in this chapter having been collected by P. Addo. 

Finally, Chapter 8 summarizes the main conclusions of Chapters 4-7 and discusses some 

possible future work. 
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Chapter Two: Relevant Background  

2.1 Reversible solid oxide fuel cells (RSOFCs) 

RSOFCs are high temperature (> 600 oC) electrochemical devices that can run in both the 

SOFC and solid oxide electrolysis (SOEC) modes16, 28-30. In the SOFC mode, fuels, such as H2, 

natural gas, hydrocarbons, or syngas can be electrochemically converted (with air at the cathode) 

to electricity and heat. Research in the area of RSOFCs is progressing steadily due to knowledge 

transfer from SOFC technology. SOFCs are robust, quiet and reliable systems for highly efficient 

(ca. 90 %) combined electricity and heat production31. 

However, when excess electricity is available from other sources, such as hydro, wind, 

and solar, a RSOFC can be operated in the SOEC mode, to convert the excess electricity 

(electrical energy) into chemical energy. This occurs through the electrolysis of H2O to H2  and 

O2, or by the co-electrolysis of CO2/H2O to form H2/CO-rich gases, known as synthesis gas 

(syngas) at the cathode, and O2 again at the anode16, 29. Syngas is the building block for 

producing synthetic hydrocarbon fuels through the Fischer-Tropsch process16, 29. Therefore, the 

co-electrolysis of H2O and CO2 is an attractive approach to producing CO2-neutral synthetic 

hydrocarbon fuels 32 while simultaneously storing renewable energy.  

High temperature electrolysis cells (> 600 oC), such as SOECs, have numerous 

advantages over low temperature electrolysis systems (< 100 oC), such as alkaline and proton 

exchange membrane (PEM) electrolyzers. Figure 2.1 compares the performance of an SOEC to 

PEM and alkaline water electrolyzers. It can be seen that high current densities (faster reaction 

kinetics) are observed for SOECs at lower applied potentials (0.8-1.3 V) than in alkaline and 

PEM electrolyzers, which require higher potentials and are thus less efficient33.  
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 Figure 2.1 Typical relationship between cell voltage and current for various state-of-the-

art water electrolysis cells. Eth,water and Eth,steam are the thermoneutral voltages for water 

and steam electrolysis, respectively, while Erev is the reversible potential for water 

electrolysis at standard conditions33.  

 

In the past few years, extensive research has been carried out on characterizing and 

testing electrode and electrolyte materials for steam electrolysis23, 34-36, CO2 electrolysis36-40, and 

the co-electrolysis of both H2O and CO2 to produce syngas in SOECs41-44. The best performing 

Ni-YSZ-based SOEC reported in the literature exhibited a current density of 6 A/cm2 during 

steam electrolysis at 800 oC and a cell voltage of 1.67 V45. In comparison, Jensen et al. reported 

a current density of 3.6 A/cm2 at 950 oC for a Ni-YSZ-based SOEC during steam electrolysis36, 

while a current density of 1.5 A/cm2 was obtained at a cell voltage of 1.29 V during CO2 

electrolysis at 950 oC.  
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2.1.1  Operating principles of RSOFCs 

As can be seen in Figure 2.2, a RSOFC is made up of a fuel electrode, an electrolyte, and 

an oxygen electrode. The reactions occurring at the oxygen and fuel electrodes during operation 

of the RSOFCs in either the SOFC (power generation) or SOEC (electrolysis) mode are shown in 

Reactions 2.1-2.3. In the SOFC mode, O2 is reduced to the oxide ion (O2-) at the cathode (oxygen 

electrode). The O2- ion is then transported through a dense electrolyte to the anode (fuel 

electrode), where H2 and/or CO are oxidized to H2O and CO2, respectively, producing electricity 

and heat. In the SOEC (electrolysis) mode, the reverse processes occur, where H2O and CO2 are 

reduced to H2 and CO at the cathode (fuel electrode), producing an oxide ion which is 

transported through the electrolyte to the anode (oxygen electrode), where O2- is then oxidized to 

O2.  

2

2
1: 2 (2.1)

2
Oxygen electrode O e O   

2

2 2: 2 (2.2)Fuel electrode H O H O e    

2

2: 2 (2.3)Fuel electrode CO O CO e    

 

 

 

 Figure 2.2 Schematic of a RSOFC30. 

SOFC-mode SOEC-mode 
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While asymmetrical mixed ionic and electronic conducting (MIEC) based RSOFCs have 

been examined in a number of studies in the literature15, the concept of symmetrical RSOFCs, 

where the same material is used as both the fuel and oxygen electrode16, 46-48, is a relatively new 

topic of investigation. This approach is meant to minimize the fabrication steps involved in 

developing the RSOFC, also making it possible to easily regenerate the fuel electrode after 

coking or sulfur poisoning, by flowing air or steam into the fuel electrode chamber16, 49. The 

electrode material for use in a symmetrical RSOFC must be stable in both oxygen and fuel 

environments. Also, it must be catalytically active for the reactions occurring at both the oxygen 

electrode (O2 reduction and evolution reactions) and the fuel electrode (H2 and/or CO oxidation 

and H2O and/or CO2 reduction). 

There are only a few studies focussed on developing symmetrical RSOFCs for the 

electrolysis of H2O or CO2 in these high temperature devices. Examples of electrode materials 

that have been reported to be good candidates for symmetrical cell fabrication are 

La0.3Sr0.7Fe0.7Ti0.3O3-δ
50, Sr2Fe1.5Mo0.5O6

51, La0.6Sr0.4Fe0.9Ni0.1O3‐δ
52, La0.75Sr0.25Cr0.5Mn0.5O3-δ

53, 

La0.7Ca0.3CrO3-δ
54, and La4Sr8Ti12-xFexO3-δ

49. Parallel work by our group has shown that 

La0.3M0.7Fe0.7Cr0.3O3-δ (LMFCr, M = Sr, Ca) exhibits excellent electrochemical performance as 

an oxygen electrode38, 46, 55-57 and thus the performance of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) as 

a symmetrical RSOFC fuel electrode, operated in H2/H2O and CO/CO2 atmospheres, is the focus 

of Chapters 5-7 of this thesis. 
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2.2 Thermodynamics of RSOFCs 

At constant temperature and pressure, the maximum electrical work (Welec, max) that can 

be done by a fuel cell at standard states is related to the free energy change (ΔGo) and 

thermodynamic reversible cell potential (Eo
cell), using Equation 2.458. 

, (2.4)o o

elect max cellG W nFE      

where n is the number of electrons transferred during the electrochemical reaction, F is the 

Faraday constant (96485 C/mol), and (Eo
cell) is defined as: 

, ,a (2.5)o o o

cell r c rE E E 
 

where the subscript c and a represents the reversible potential of the cathode and anode reactions, 

respectively59. 

Using the Nernst equation, (Eo
cell) can be related to the concentration of the reactants and 

products of the electrochemical reaction58. Therefore, for a H2/O2 and CO/O2 fuel cell (Reactions 

2.6-2.7), the reversible potential (Er) can be calculated using the Nernst Equations 2.8-2.9 58, 

2 2 2
1 , (800 ) 283.3 / (2.6)

2
OH O H O H C kJ mol     

2 2
1 , (800 ) 282.4 / (2.7)

2
OCO O CO H C kJ mol     

2 2

2

1
2[ ]

(2.8)
2 [ ]

H Oo
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H O

P PRT
E E ln

F P
   

 2

2

1
2[ ]

(2.9)
2 [ ]

CO Oo

r cell

CO

P PRT
E E ln

F P
    

  

where R is the gas constant (8.314 J/K mol), T is temperature (K), and the number of electrons 

transferred is 2. 
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Er is the maximum potential that can be obtained during the spontaneous oxidation of H2 

and CO (SOFC mode), while in the SOEC mode, Er is the minimum potential (electrical energy) 

required for the decomposition of H2O and CO2. In the SOFC mode, the forward reactions 

(Reactions 2.3-2.4) are exothermic, while the backward reactions (SOEC mode) are 

endothermic. Therefore, in the SOEC mode, the total energy requirement for the decomposition 

of H2O or CO2 is equivalent to the enthalpy of the reaction (ΔH), shown in Equation 2.10, 

(2.10)H G T S    
 

where ΔG is the electrical energy requirement and the heat requirement (Q) is TΔS. 

Figure 2.3 shows that the electrical demand (ΔG, or E) in an SOEC decreases while the 

heat demand (Q or TΔS) increases with increasing operating temperature for both H2O and CO2 

electrolysis. Therefore, from the thermodynamic standpoint, the electrolysis of H2O and CO2 at 

high temperatures (> 600 oC) is more advantageous than at low temperatures (< 100 oC) because 

the electrical energy demand for H2O electrolysis decreases from 1.23 V at 25 oC to ca. 1 V at 

800 oC, while for CO2 electrolysis, the electrical demand decreases from 1.33 V at 25 oC to ca. 1 

V at 800 oC. Also, at high temperatures, part of the total energy required for the electrolyisis 

process can be supplied as thermal energy via internal resistivity losses within the cell itself 

(especially at high current densities) or by direct external heat input (at low current densities)36. 

The external heat could be obtained from geothermal sources, industrial or nuclear facililties. 
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Figure 2.3 Energy (kJ/mol)-temperature profile for H2O and CO2

60. 

 

A parameter or term commonly used in the SOEC mode is the thermoneutral potential 

(Eth), expressed as: 

(2.11)th
HE

nF


 

The thermoneutral potential is the potential at which the heat required for the electrolysis 

reaction is equal to the Joule heat generated in the electrolysis cell17, 33. The thermoneutral 

potential (Eth) for steam and CO2 at 800 oC is about 1.29 V and 1.48 V, respectively17. 

The heat consumed/generated (Q) by an isothermal RSOFC cell can be quantified by 

using the thermoneutral potential (Eth) (Equation (2.12) and referred to in Figure 2.4)61, 

( ) (2.12)cell thQ i E E 
 

where i is current density and the operating potential of the RSOFC is Ecell. When Q < 0, net heat 

will be generated by the RSOFC cell61. Figure 2.4 presents a typical potential (V)-current density 
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(i) plot for a RSOFC cell operated in a H2/H2O atmosphere, showing the various regions where 

heat is generated or consumed61.  

 

 
 Figure 2.4 Representative current-voltage plot for a RSOFC operated in H2/H2O

61. 

 

2.2.1 Modes of SOEC operation 

Based on Figure 2.4, the three modes of operation of an RSOFC, in the SOEC mode, are 

endothermic, thermoneutral and exothermic15. The thermoneutral mode is when the cell is 

operated at the thermoneutral potential, where the heat consumption and generation are equal. 

This is the ideal mode of operation because the electrolysis reaction is self-sustaining and there is 

no need for the addition or removal of heat. In the endothermal mode, the cell is operated at a 

potential below the thermoneutral potential, and therefore external heat must be supplied to the 

cell to sustain the electrolysis reaction15. As the current density in the endothermal mode is low, 

the internal heat generated by the cell is too low to meet the heat demand of the cell. The 

exothermal mode of operation is when the cell is operated at a potential above the thermoneutral 

potential. As the current density in this mode is high and the Joule heat generated is greater than 

the heat consumption of the cell, the excess heat generated must be removed for efficient 

operation of the SOEC cell. 
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2.2.2  Round-trip efficiency of RSOFCs 

 The round-trip efficiency (ηRT) of a reversible SOFC is defined as the quotient of the net  

 

energy generated in the SOFC mode (discharging) and the total energy supplied in the SOEC  

 

mode (charging)17, 61, 62. The ideal round-trip efficiency, not considering the auxiliary power  

 

required by the balance-of-plant (BOP) components, is given as17, 61. 

 

(2.13)SOFC SOFC
RT

SOEC SOEC

V Q

V Q
 

 

where V is the operating potential of the cell and Q is the charge supplied or consumed. Equation 

2.13 can be simplified to Equation 2.14, if 100 % coulombic efficiency is assumed17. 

(2.14)SOFC
RT

SOEC

V

V
   

Therefore, to achieve a high round-trip efficiency, VSOFC and VSOEC should be as similar as 

possible17. Thus, operating the RSOFC cell at low overpotentials in both the SOFC and SOEC 

modes is necessary to achieve a high round-trip efficiency17, 61. 

Figure 2.5 shows that RSOFCs can achieve a round-trip efficiency of > 70% at a low 

storage cost, which is comparable to pumped hydro and much better than most other 

technologies62. Jensen et al.62 reported that RSOFCs can be used for large-scale electricity 

storage when combined with sub-surface storage of CO2 and CH4. They proposed that a round- 

trip efficiency > 70% could be obtained at an estimated storage cost of about 3 ¢/kWh62. 
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 Figure 2.5 Comparison of reversible solid oxide cell (ReSOC) technology to other energy 

storage systems as a function of investment cost per kWh per cycle and maximum 

discharge hours. Efficiency is denoted by the colors from purple to blue. Electricity 

arbitrage is possible for technologies that run at high efficiency, which are placed in the 

upper left part of the graph62. 

 

 

2.3 Materials for reversible solid oxide fuel cells 

Both the fuel and oxygen electrodes used in RSOFCs must have a high ionic and 

electronic conductivity (> 0.1 S/cm), should be chemically compatible with all components of 

the cell, and must be catalytically active for the electrochemical reactions16, 60. The electrolyte 

must be dense with a high ionic conductivity (> 0.1 S/cm) at a given operating temperature. 

Also, the electrolyte must be stable in both oxidizing and reducing atmospheres and must be 

compatible with all other components of the cell16, 60. 
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2.3.1  Fuel electrodes 

2.3.1.1 Metal-based electrodes 

Ni-yttria stabilized zirconia (YSZ) cermets are the conventional fuel electrodes used in 

RSOFCs because they show excellent electrochemical performance in both the SOFC and SOEC 

modes15, 40, 60, 63, 64. Ni-YSZ has been employed for the oxidation of various reactants, such as H2, 

CO, CH4, and for the electrolysis of H2O, CO2 and co-electrolysis of H2O/CO2. However, Ni-

YSZ fuel electrodes are prone to performance degradation in both the SOFC and SOEC modes. 

Some of the challenges of Ni-YSZ electrodes include sulfur poisoning, coke formation, redox 

instability, Ni coarsening, and silica segregation24-26, 65-74.  

Other types of metal-based fuel electrodes that have been operated in H2/H2O and/or 

CO/CO2 atmospheres include Cu-YSZ75, Pt-YSZ76, 77 and Ni-Fe bimetallic metals78-84. 

Buyukaksoy et al. studied the performance of a symmetrical cell consisting of YSZ infiltrated 

into a porous Pt electrodes and operated in H2/H2O environments and reported a polarization 

resistance of 0.35 Ω cm2 at 800 oC76. Tao et al. showed that the performance of Pt-YSZ cermet 

electrodes during CO2 electrolysis was better than Pt electrodes77, 85. Kim et al. reported that a 

Cu-YSZ fuel electrode performed slightly better than Ni-YSZ for the electrolysis of H2O because 

of the open microstructure of Cu-YSZ and the higher electrical conductivity of Cu86, while Ni-Fe 

electrodes have been reported to be more active for the electrolysis of CO2 and H2O than Ni 

alone79, 84, 87. It was also observed that the addition of a small amount of Fe could stabilize fine 

Ni particles by suppressing Ni particle growth79. A study by Wang et al. showed that the 

electrolysis current density at 1.6 V for Ni-Fe (9:1) and Ni electrodes, operated in 50% CO2:1% 

CO/Ar at 800 oC, were 1.84 A/cm2 and 0.76 A/cm2, respectively79. 
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Even though these metal-based electrodes (Cu, Pt, Ni-Fe) have been shown to have good 

activity for H2/H2O and CO/CO2 reactions, they are still susceptible to some of the drawbacks of 

Ni-YSZ electrodes. Therefore, one area of active research is the synthesis and development of 

other high performance, electrochemically stable, sulfur and coke tolerant fuel electrode 

materials15. Unlike metal-and metal-composite based electrodes, which require a high active 

triple phase boundary length (TPBL), the use of mixed ion and electron conducting (MIEC) 

perovskite or flourite-based metal oxides as fuel electrodes for RSOFCs is advantageous. These 

materials do not rely on the length of the TPB, but rather, their entire surface is active towards 

the electrochemical reaction. 

 

2.3.1.2 Fluorite-based metal oxide fuel electrodes 

The most common type of fluorite-based fuel electrodes for use in RSOFCs include ceria 

and doped ceria, where Ce is in the +3/+4 oxidation state. Ceria was first shown in 1964 to be 

catalytically active towards H2 and CO oxidation under SOFC operating conditions88, 89. Doped 

ceria, such as GdxCe1-xO2-δ (GDC), has been investigated for the electrolysis of H2O and CO2
39, 

90. Other types of ceria-based electrodes that have been reported to have catalytic activity 

towards H2/H2O reactions are Mo-doped CeO2 nano-material (nCMO)91 and Ce0.8Y0.1Mn0.1O2-δ 

(10CYMO)92, with a polarization resistance of 0.25 Ω cm2 observed for 10CYMO electrode in 

wet H2 at 800 oC92. 

 

2.3.1.3 Perovskite-based metal oxide fuel electrodes 

Perovskites have a chemical formula of ABO3, where A and B are cations with different 

sizes (the A-site cation is larger than the B-site cation) and O is an oxygen anion93, 94. The A and 
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B-site cations are 12-fold and 6-fold coordinated with the O anion, respectively. The A-sites are 

occupied by divalent cations (alkaline earth metals) or trivalent cations (such as lanthanides), 

while the B-sites are usually occupied by transition metals and lanthanide cations with 3+ and/or 

4+ oxidation states88. Doping the A- and B-sites of the structure with aliovalent metals influences 

the properties of the perovskites88. Doping the A-site can lead to the formation of oxygen 

vacancies which, in turn, improves the ionic conductivity of the material. Typically, B-site 

doping with transition metals, such as Fe, Cr, Co, and Mn, leads to improvement in the chemical 

stability and catalytic properties of the perovskite88.  

Chen et al.46 showed that doping the B-site of La1-xSrxFeO3-δ (LSF) with Cr led to 

structural stability in reducing atmosphere. Some of the common perovskites used as fuel 

electrodes are La1-xSrxCr1-yMnyO3-δ (LSCM)95-107, La1-xSrxTiO3-δ (LST)108-113 and La1-xSrxFe1-

yCryO3-δ. (LSFCr)38, 46, 47, 55, 114-119. LSCM has exhibited good performance for H2/H2O and 

CO/CO2 reactions96, 100-105, 107. However, most of the studies have involved combining the LSCM 

material with GdxCe1-xO2-δ (GDC) and other types of co-catalysts to increase the performance of 

the electrode.  

The La1-xSrxFe1-yCryO3-δ (LSFCr)-based perovskite has been reported to be a very good 

oxygen electrode for SOFC applications, also being structurally stable down to a pO2 of 10-21 

atm46, 116. At a pO2 below 10-21 atm, LSFCr decomposes, forming a LaSrFeO4-based 

Ruddlesden-Popper phase and α-Fe46, although the perovskite phase can be recovered after 

treating the decomposed powder in air46. However, there is no detailed study of the chemical 

stability and the electrochemical performance of LSFCr in CO2 and CO2/CO atmospheres, which 

is the topic of the work described in Chapters 6 and 7 of this thesis. It has also been reported by 

our group that the Ca-analog of LSFCr (La0.3Ca0.7Fe0.7Cr0.3O3-δ, LCFCr) can be used as an active 
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and stable oxygen electrode55-57, 120. Chapter 5 covers off the behavior of LCFCr as a fuel 

electrode in humidified H2 environments. 

 

2.3.2  Electrolytes 

Yttria stabilized zirconia (YSZ) is the most common electrolyte used for RSOFC 

applications. YSZ is structurally stable in both oxidizing and reducing atmospheres and exhibits 

good ionic conductivity (0.01 S/cm at high temperature (800 oC)15, 60. However, at intermediate 

temperatures (< 700 oC) the ionic conductivity is low60. Also, YSZ electrolyte has been reported 

to react at high temperatures (> 900 oC) with perovskite-based electrodes, leading to the 

formation of secondary phases, such as SrZrO3, La2Zr2O7, and CaZrO3, thereby degrading the 

performance of the electrode121-124. To prevent the formation of these secondary phases, ceria-

based buffer layers are applied between the electrodes and the YSZ electrolyte125, 126.  

The other common types of electrolytes used in RSOFCs are ceria-based (GdxCe1-xO2-δ 

(GDC)) and lanthanum gallate-based (La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM))15, 16, 60. These 

electrolytes have a higher ionic conductivity (0.1 S/cm at 800 oC) than YSZ and therefore can be 

used at intermediate temperatures. One issue with ceria-based electrolytes is their instability 

under reducing atmospheres at the operating temperature of RSOFC. Under reducing 

environments, there is partial reduction of ceria from Ce4+ to Ce3+, leading to the introduction of 

some electronic conductivity as well as mechanical stability issues15, 16, 60. It has been reported 

that the partial reduction of ceria-based electrolyte caused the current efficiency to decrease 

during H2O electrolysis, while in the SOFC mode, the reduction of the electrolyte led to a 

decrease in the power output60.  
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Similar to the ceria-based electrolytes, LSGM shows pure ionic conductivity in oxidizing 

conditions, but under reducing conditions, LSGM exhibits some electronic conductivity due to 

the partial reduction of Ga3+ to Ga2+. However, despite the partial reduction of the LSGM 

electrolyte, LSGM-based cells generally show better performance than YSZ-based cells at 

intermediate temperatures15, 60.  

 

2.3.3  Oxygen electrodes 

The most studied oxygen electrode material for RSOFC applications is La1-xSrxMnO3 

(LSM). LSM is an electronic conductor (> 300 S/cm), which limits the oxygen reduction or 

evolution reactions to the triple phase boundary (TPB) region at the electrode/electrolyte 

interface. The performance of LSM-based oxygen electrodes can be increased by combining the 

LSM material with the electrolyte material, such as YSZ or GDC, to form a composite. The 

addition of the electrolyte leads to an increase in the ionic conductivity, thereby extending the 

TPB into the electrode. One major drawback of LSM composite oxygen electrodes is the 

delamination of the electrode from the electrolyte during oxygen evolution in the SOEC mode15, 

60, 127.  

Therefore, alternative high performing mixed ionic and electronic oxygen electrodes, 

such as La1-xSrxCoy-1FeyO3-δ (LSCF)15, 128-136, La1-xSrxCuyFey-1O3-δ (LSCuF)15, 137-139, 

La0.3M0.7Fe0.7Cr0.3O3-δ (M= Sr or Ca)46, 57, 119, 120 are some of the materials currently being 

investigated. La0.3M0.7Fe0.7Cr0.3O3-δ (M= Sr or Ca) oxygen electrodes have been reported to show 

comparable performance to LSCF46, 55, 57, 119. The polarization resistance reported for 

La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) and La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) in air at 800 oC was between 

0.1-0.3 Ω cm2 46, 55, 57, 119. Also, it has been reported that both LSFCr and LCFCr show better 
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performance for the oxygen evolution reaction (OER in SOEC mode) than for the oxygen 

reduction reaction (ORR in SOFC mode), with no delamination of LSFCr and LCFCr electrodes 

observed in either case55, 57. 

 

2.4  Application of RSOFCs for fuel production 

2.4.1  H2O and CO2 electrolysis in RSOFCs 

Reactions 2.1-2.3 show the electrolysis of H2O and CO2 to produce H2 and CO at the fuel 

electrode and O2 at the oxygen electrode. Ebbesen et al. studied the oxidation of H2 and the 

reduction of H2O using a Ni-YSZ fuel electrode64. It was shown that the reduction of H2O was 

slower than the oxidation of H2 on the Ni-YSZ electrode. The slow kinetics of H2O reduction at 

low current densities was partly attributed to the cooling of the active electrode, due to the 

endothermic nature of the reaction. In comparison, the exothermic H2 oxidation reaction led to 

heating of the active electrode, thereby leading to faster kinetics64. 

Various studies have shown that the performance of Ni-YSZ and La1-xSrxCr1-yMnyO3-δ 

fuel electrodes towards H2O reduction and H2 oxidation is better than CO2 reduction and CO 

oxidation37, 43. A study by Graves et al.43 reported a current density of about 1 A/cm2 for the 

electrolysis of 50% H2O/H2 and about 0.75 A/cm2 for the electrolysis of 50% CO2/CO at 1.2 V 

and 850 oC, using a Ni-YSZ fuel electrode. Ni-YSZ fuel electrode can also catalyse the 

Reactions 2.15 and 2.16, leading to carbon deposition. Therefore, operating the Ni-YSZ fuel 

electrode at high temperatures and at high CO2 utilization can promote carbon deposition and 

degrade the performance of the electrode. 

22 (2.15)CO C CO  

2 2 (2.16)CO H C H O    
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A study using La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) fuel electrodes for H2O electrolysis 

showed that the current density increased from 0.43 A/cm2 in 20 % H2O to 0.59 A/cm2 in 80 % 

H2O at an applied electrolysis voltage of 1.6 V at 850 oC140. A study by Graves at el., based on 

Gd-doped CeO2 (GDC) nanoparticles coated on a Nb-doped SrTiO3 electrode (GDC-STN), 

showed that the CO2/CO reaction had a higher activity than the H2O/H2 reaction90. Cao at el. 50 

reported the direct electrolysis of CO2 using a La0.3Sr0.7Fe0.7Ti0.3O3-δ (LSFT) electrode on either 

side of a symmetrical solid oxide electrolysis cell (SOEC). They showed that the LSFT electrode 

had a good activity for CO2 reduction at 800 oC, giving a current density of 0.52 A/cm2 at an 

applied cell voltage of 2.0 V50. 

 

2.4.2 Co-electrolysis of H2O+CO2 in RSOFCs 

Co-electrolysis involves the simultaneous electrolysis of H2O (Reaction 2.2) and CO2 

(Reaction 2.3) to form synthesis gas (CO and H2) at the fuel electrode and O2 at the oxygen 

electrode (Reaction 2.1). The produced synthesis gas can be used directly or further processed 

chemically, through methanation (Reaction 2.17), methanol synthesis (Reaction 2.18), dimethyl 

ether (DME) synthesis (Reaction 2.19), or the Fischer Tropsch (F-T) process (Reactions 2.20-

2.23)141, 142.  

2 4 23 , 206 / (2.17)CO H CH H O H kJ mol      

2 32 , 90.29 / (2.18)CO H CH OH H kJ mol     

2 3 3 23 3 , 244.95 / (2.19)CO H CH OCH CO H kJ mol      

2 2 2 2(2 1) O (2.20)n nnCO n H C H H     

2 2 22 O (2.22)n nnCO nH C H H    
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2 2 1 22 ( 1) O (2.23)n nnCO nH C H OH n H     

The F-T process involves the catalytic conversion of gas (CO+H2) to liquid, producing a 

crude blend of hydrocarbons, waxes and light refinery gases141. It has been reported that the 

syngas produced through co-electrolysis can be tailored to meet the required ratio of H2:CO 

needed for the F-T process141. Hartvigsen et al. reported the conversion of syngas produced 

through co-electrolysis of H2O/CO2 to hydrocarbon fuels, based on the F-T process143. Becker et 

al. showed that the fuel production cost, based on a solid oxide electrolysis cell (SOEC)/F-T 

system model, ranged from 4.4 $/GGE to 15 $/ GGE (gasoline gallon equivalent) for an 

electricity price in the range of 0.02 $ kW/h to 0.14 $ kW/h144. This fuel production cost is still 

quite high when compare to the cost of crude oil. Therefore, it is important to develop a cost 

effective, reliable, and high performing SOEC system in order to accelerate the 

commercialization of SOECs for co-electrolysis reactions145.  

Ni-YSZ fuel electrodes have been extensively investigated for CO2+H2O co-electrolysis 

32, 43, 63, 146, 147. Tao at el.147 studied the durability of a Ni-YSZ fuel electrode for the co-

electrolysis of 45% H2O:45% CO2:10% H2 at current density of -1.5 or -2.0 A/cm2 at 865 - 875 

oC. They reported a gas conversion of 45% at -1.5 A/cm2 and 60% at -2.0 A/cm2 and showed that 

the cell could be operated for up to 700 h147. However, microstructural changes in the Ni-YSZ 

electrode close to the YSZ electrolyte led to performance degradation of the cell147. The 

mechanism of conversion of CO2 to CO in co-electrolysis, especially using Ni-YSZ-based fuel 

electrodes, is not very clear in the literature145. There are studies41, 148, 149 that claim that the CO 

produced during co-electrolysis is formed mainly through the reverse water gas shift reaction 

(Reaction 2.24), while others32, 43, 145 have reported that CO2 can be electrolyzed directly to CO 

during co-electrolysis. 
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2 2 2 , 40.96 / (2.24)CO H CO H O H kJ mol     

Typically, the performance of Ni-YSZ electrodes during the co-electrolysis of 

steam+CO2 is better than during CO2 electrolysis43. Mass spectrometry measurements by Zhan et 

al.44, showed that, with increasing electrolysis current, the consumption of CO2 and H2O 

increased, leading to an increase in the production of CO and H2. They reported a syngas 

production rate of 7 ml min-1cm-2 when their Ni-YSZ-based cell was operated on 25% H2:25% 

CO2:50% H2O at 800 oC and 1.3 V. 

In situ nano alloying of Pd on the surface a Ni-YSZ fuel electrode has been carried out 

for the co-electrolysis of H2O+CO2 to syngas. It was reported that the Pd-Ni catalyst was 

selective for catalyzing the reverse water gas shift reaction, thereby increasing the CO2 

conversion rate150. Another material that has been inverstigated for co-electrolysis is LSCM96, 104. 

Xing et al.96 studied the performance of LSCM, with or without the addition of Cu, for the co-

electrolysis of CO2+H2O, showing that the LSCM-Cu electrode gave a better electrochemical 

performance than the LSCM material alone. It was also reported that co-electrolysis of H2O + 

CO2 performed in a symmetrical cell based on a Sr2Fe1.5Mo0.5O6 (SFM)-Sm0.2Ce0.8O1.9 (SDC) 

electrode showed good electrochemical performance51. A current density of -734 mA/cm2 at 1.3 

V and a polarization resistance of 0.48 Ω cm2 was obtained when the cell was operated at 850 oC 

51. 

 

2.4.3 Methane production in RSOFCs 

The co-electrolysis of H2O and CO2 to methane is favourable at high pressure and low 

temperature 144, 151. A thermodynamic analysis by Sun et al.151, based on 10% H2 :25% CO2:65% 

H2O gas compostion and 70% reactant utilization, showed that the CH4 mole fraction in the 
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product increased as the temperature was decreased from 1000 to 600 oC at 35 atm. While at a 

constant temperature of 850 oC, the CH4 mole fraction increased when the pressure was 

increased from 1-100 atm.  Also, under high pressure or a high conversion of H2O/CO2, it has 

been reported that the Boudouard reactions (Reactions 2.15-2.16) can also occur, thereby 

depositing unwanted carbon within the Ni-YSZ fuel electrode 151. Even though these studies 

have shown that methanation is favoured at high pressures, a study by Bierschenk et al. reported 

that about 10 % CH4 can be generated by running a Ni-YSZ anode supported cell in 79% H2 and 

21% CO2 at 600 oC and 1 atm17. 

A study by Luo et al.152 showed that the addition of H2 to H2O/CO2 led to a further 

increase in the rate of CH4 production. The authors reported that the CH4 production rate 

increased by less than 0.04% when the cell operating voltage varied from the open circuit voltage 

to 1.5 V without the addition of H2. However, with the addition of 20% H2 to H2O/CO2, a 9.94% 

CH4 yield was observed at 550 oC at an applied cell voltage of 1.5 V152.  

 

2.5  Effect of H2S on RSOFC fuel electrodes 

2.5.1 Effect of H2S on Ni-YSZ fuel electrode 

As stated earlier, despite the excellent catalytic activity of Ni-YSZ fuel electrodes for 

H2/H2O and CO/CO2 reactions, in the SOFC mode, they are susceptible to poisoning with low 

levels (1-100 ppm) of H2S exposure at operating temperatures (700-1000 oC)24, 153-156, thus 

negatively affecting the performance of the electrode. The two mechanisms of sulfur poisoning 

of Ni involve dissociative adsorption of sulfur (Reaction 2.25) and bulk nickel sulfide formation 

(Reactions 2.25-2.26)154. At high temperatures and low ppm of H2S, H2S readily dissociates to 

form a reversible sub-monolayer coverage of adsorbed sulfur (Sads) on the Ni surface24, 153-155, 
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blocking surface sites and causing irreversible surface reconstruction157, while the formation of 

bulk nickel sulfide species (Reactions 2.25-2.26) is favorable only at high H2S concentrations (> 

500 ppm) and low temperatures (< 600 oC) 154, 158. 

2 2( ) ( ) ( ) (g) (2.24)adsNi s H S g Ni S s H     

2 2( ) ( ) ( ) (g) (2.25)Ni s H S g NiS s H    

2 3 23 ( ) ( ) ( ) (g) (2.26)xNi s xH S g Ni S s xH    

Figure 2.6 shows that there is a range of poisoning behavior observed for Ni-YSZ SOFC 

anodes upon exposure to low levels of H2S. An initial rapid drop in the power output (Stage I) is 

seen initially, which then leads to an increase in anode polarization resistance (Rp)159. Following 

this, various forms of Stage II behavior are seen, including where the cell either reaches a steady-

state Rp after the initial drop without undergoing further degradation, or it shows slower 

degradation before reaching a steady-state, or, in some cases, Rp does not reach a steady-state at 

all. There is little understanding or agreement in the literature as to what causes Stage II 

poisoning, which can last for a very long time. Bulk sulfidation of Ni in Stage II seems unlikely, 

as this process is thermodynamically unfavorable159, especially when using only low ppm H2S 

and temperatures from 800-1000 oC. 
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Figure 2.6 Schematic of power output versus time for SOFCs with Ni-YSZ cermet anode, 

showing effect of sulfur poisoning159. 

 

 

The effect of H2S on Ni-YSZ in the SOEC mode has not been extensively studied as yet. 

In one study of the long-term electrolysis of H2O and CO2 using a Ni-YSZ electrode at 850 oC 

and 2.5 to 0.50 A/cm2, the cell degraded at a rate of 0.45 to 0.70 mV/h over the first few hundred 

hours, with a long-term degradation rate of between 0.003 and 0.032 mV/h seen when using as-

received gases. The observed degradation was attributed to the presence of trace impurities, such 

as H2S, in the as-received gases. When the inlet gases were cleaned prior to the electrolysis 

studies, the degradation was completely eliminated73.  

 

2.5.2 Approaches used to develop sulfur tolerant fuel electrodes  

There have been various approaches used to overcome the sulfur poisoning of Ni-YSZ 

fuel electrodes. One involves improving the sulfur tolerance of Ni-YSZ fuel electrode by the 

incorporation of foreign materials, such as CeO2, La2O3, Nb2O5, Sc2O3, Sn, and Sb, into the 
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Rapid initial 
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contaminated fuel 

No Stage II degradation 

Slow Stage II degradation 
followed by steady-state. 

Slow Stage II degradation, with no 
steady-state reached after long times. 

 Stage II 
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electrode159-161. Unfortunately, most of these modified Ni-YSZ anodes still show sulfur 

poisoning in low ppm H2S159.  

A second approach involves the fabrication of fuel electrode based on Ni-free conducting 

metal oxides, such as La1-xSrxCr1-yMnyO3-δ (LSCM), Y-doped SrTiO3-δ, La1-xSrxVO3-δ (LST), 

La1-xSrxVO3-δ (LSV), Sr2Mg2-xMoxO6-δ (SMMO), and La0.3M0.7Fe0.7Cr0.3O3-δ (M= Sr or Ca)56, 159. 

Most of these oxides have been claimed to be somewhat tolerant to sulfur exposure. For 

example, it has been shown that La0.3Sr0.7Fe0.7Cr0.3O3-δ, (LSFCr), operated on wet 50% H2/CO 

fuel containing 10 ppm H2S, exhibited only a small drop in cell potential, which recovered when 

H2S was removed46.  

However, there are some conflicting reports about the sulfur tolerance of some of metal 

oxide anodes, especially LST. While some researchers reported that LST showed poisoning by 

H2S in the range of 26 to 1000 ppm159, others have reported no poisoning effects in 1000 ppm 

H2S, and rather, an enhancement effect in 5000 ppm H2S was observed162. For example, 

La0.3M0.7Fe0.7Cr0.3O3-δ (M= Sr or Ca) has been reported to be sulfur tolerant and showed 

enhancement of the hydrogen oxidation reaction rate in low ppm H2S environments at 800 oC56.  

Some of these SOFC sulfur-tolerant oxides, such as LSCM and LST, have also been employed 

for the electrolysis of H2O and CO2 in the SOEC mode104, 163. However, their performance in the 

presence of sulfur containing impurities (e.g. H2S, SO2) during electrolysis has not been 

extensively studied as yet. To employ an RSOFC for CO2 electrolysis, the CO2 can be obtained 

from pre-combustion, oxyfuel combustion, or post-combustion sources. The CO2 obtained from 

the post and oxyfuel combustion methods contains about 20-50 ppm of SO2 as an impurity 164, 

while CO2 obtained from pre-combustion sources contains about 100 ppm of H2S+COS164. 
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These sulfur-containing impurities are could affect the performance of RSOFC fuel electrodes, 

as such needs to be investigated.  

 

2.6 Methods used to investigate SOFC and RSOFC electrodes and cell performance 

2.6.1  Electrochemical methods 

In reversible solid oxide fuel cells (RSOFCs), electrochemical reactions take place on the 

surface of the catalyst and/or at the triple phase boundary165-169 and the performance can vary 

substantially, depending on the composition and microstructure of the electrolyte and the 

electrodes170. Thus, electrochemical performance measurements are critical to the assessment of 

new RSOFC materials, microstructures and cell designs. This can be done in numerous ways, 

including in 2-electrode full cells (the fuel and oxygen electrodes are in fuel and air/oxygen 

environments, respectively), 2- electrode half cell mode (both electrodes are exposed to the same 

gas environment), and 3-electrode methods, using either half or full cell designs. The advantage 

of 3-electrode methods, which involves the presence of a reference electrode, is that the reaction 

occurring at the working electrode (either in the fuel or air environment) can then be investigated 

independently, without interference from the reactions at the second (counter) electrode.  

However, carrying out 3-electrode work in high temperature fuel cells is known to be difficult 

171, 172. 

Electrochemical characterization of RSOFCs (or SOFCs) can be performed by employing 

either direct (dc) or alternating (ac) electrical perturbation methods, both allowing the 

measurement of the electrode overpotential. The types of overpotentials associated with RSOFCs 

are activation (ηact), ohmic (ηohm), and concentration (ηconc). The total overpotential, obtained 
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from the i-V plot in Figure 2.4, is given by Equation 2.27. Therefore, Ecell in the SOFC (ESOFC) 

and SOEC (ESOEC) modes, as is represented by Equations 2.28 and 2.29 61. 

(2.27)total act ohm conc       

(2.28)SOFC rev totalE E  

 

(2.29)SOEC rev totalE E  

 

The activation overpotential (ηact) is a complex function describing the charge transfer 

kinetics of an electrochemical reaction. In a performance plot (Figure 2.4), ηact is revealed most 

clearly at low current densities. ηact depends on the type of reactions occurring and the catalyst 

materials, electrode microstructure, reactant activities, electrolyte material, temperature and 

current density. The Butler-Volmer equation (Equation 2.30) is used to give a quantitative 

relationship between the current density and ηact. Usually, the charge transfer process is described 

by a parallel R-C circuit, where the time constant is given by RC173, where R and C are the 

resistance and capacitance, respectively. 

exp -exp (2.30)a c
net o

F F
i i

RT RT

        
     

    
 

where inet and io are the measured and exchange current densities, respectively, η is the 

overpotential, αa and αc are the anodic and cathodic transfer coefficients, respectively, and F and 

R are the Faraday and gas constants, respectively.  

The ohmic overpotential (ηohm) arises from the resistance of RSOFC components. Bulk 

materials and interfaces between components cause resistance to electron flow and electrolyte 

materials and interfaces cause resistance to the transport of ions, which carry the current in the 

electrolyte phase. In RSOFCs, the main contributor to the ohmic overpotential is the electrolyte. 

Therefore, in an electrolyte-supported cell, the contribution of the electrolyte to the ohmic 
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resistance is significant compared to in electrode-supported cells173. The ohmic polarization can 

be described by a simple resistor without a parallel capacitance.   

 The concentration overpotential (ηconc) describes the mass transport limitations associated 

with electrochemical processes in a RSOFC or SOFC. The ηconc component is observed 

predominantly at high current densities and is a function of the microstructure of both the fuel and 

oxygen electrodes, the partial pressure of the reactants, and the diffusion of the gases173.  

 

2.6.2 Electrochemical impedance spectroscopy (EIS) 

Alternating current (ac) methods apply a perturbation to the system in terms of an ac 

input current or voltage, and then the measured output voltage or current, respectively, is phase 

shifted from the input perturbation170, 174, 175. The most common technique used for ac 

measurements in electrochemistry is electrochemical impedance spectroscopy (EIS). EIS is a 

powerful method to characterize the various electrochemical processes occurring at the 

gas/electrode and electrode/electrolyte interfaces. In order to ensure that there is a linear 

relationship between the cell potential and current, small perturbations (< 50 mV) are used 

during impedance measurements170, 174, 176. Notably, EIS measurements can be carried out under 

OCP or polarized conditions170, 177. 

Equivalent circuit modeling of EIS data is one method used to extract physically 

meaningful properties of the electrochemical system. This is done by modeling the impedance 

data in terms of an electrical circuit composed of passive elements, such as resistors (R), 

capacitors (C), inductors (L), and distributed elements such as constant phase elements (CPE) and 

Warburg elements (ZW). The Warburg element is used to represent the diffusion or mass transport 

impedance of the electrode or cell. 
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In general, the resistance of the electrolyte, along with the resistance of the electrical 

leads and electrical contacts, are described by a series resistance. Electrode interfaces are 

typically described by a resistor in parallel with a constant phase element (R/CPE)177. The CPE 

can represent the double layer capacitance of the electrode/electrolyte interface or the rapid 

change in redox state (i.e., the oxide vacancy concentration) of a metal oxide, termed a 

‘pseudocapacitance’ or a ‘chemical capacitance’, while the R value is a charge transfer 

resistance.  

A CPE value is used when the electrochemical interface or the metal oxide capacitor does 

not behave ideally. CPEs are used extensively in equivalent electrical circuits for the fitting of 

experimental impedance data. The CPE behavior is generally attributed to distributed surface 

reactivity, surface inhomogeneities, roughness or fractal geometries, electrode porosity, and to 

current and potential distributions associated with electrode geometry and morphology178. 

The equation for a CPE is generally given177 as:  

1
= (2.31)

( )
CPE n

Z
CPE i

 

where ω = 2πf is the angular frequency, i is the imaginary number, and n can have values from 0 

to ±1. The CPE represent a circuit parameter with a limiting behavior as a capacitor for n = 1, a  

resistor for n = 0, and an inductor for n = -1 178.  

EIS data are usually represented in the form of a Nyquist or Bode plot, as shown in 

Figure 2.7. A Nyquist plot (Figure 2.7a) shows the imaginary impedance, which is indicative of 

the capacitive and inductive character of the cell, versus the real impedance (resistive 

component) of the cell, as the ac perturbation frequency is increased or decreased.  In 
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comparison, a Bode plot show the impedance magnitude (Figure 2.7b) and phase angle (Figure 

2.7c) as a function of frequency170, 177.  

  
 

Figure 2.7 Representative impedance plots for a simulated simple RC circuit showing (a) 

the Nyquist plot, (b) impedance magnitude vs. frequency Bode plot, and (c) phase angle vs. 

frequency Bode plot. 

 

2.6.2 Cyclic voltammetry  

Cyclic voltammetry (CV) involves measuring the current passed through the 

WE/electrolyte interface while the potential of the WE is varied vs. the reference electrode at a 

certain scan rate (typically mV/s).  In activated controlled systems, Butler Volmer behaviour can 

be observed, as given by Equation 2.30 88. The CVs are then analyzed in either the low or high 

field (low or high overpotential) modes, giving a linear and logarithmic relationship between 

current and overpotential, respectively. However, the CVs in the literature for many SOFC and 

RSOFC systems are linear in appearance, even at higher overpotentials when they should be 
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exponential, because they are often dominated by the series resistance, arising from the 

resistance of the electrolyte. 

 

2.7 Non-electrochemical methods used in this thesis work 

As most of the characterization methods used in this work are relatively standard in fuel 

cell and materials related research, only a very brief overview of techniques used is given here.  

X-ray diffraction (XRD), which involves the diffraction of incident X-rays by the crystal planes 

of the material, was employed in this thesis for the phase identification of samples. As well, ex 

situ XRD analysis was used in Chapter 6 to initially assess the material crystal structure, with in 

situ XRD analysis then used to further understand the material behaviour under different gas 

atmospheres and temperatures.  

Thermogravimetric analysis (TGA), which tracks the mass changes of a sample as a 

function of temperature in controlled gas atmospheres, was used to understand the chemical 

stability of the catalysts by tracking their mass changes in air and CO2/N2 atmospheres from 

room temperature to 900 oC. Fourier transform infrared spectroscopy (FTIR), which involves 

measuring the infrared absorption or emission of a sample to determine the presence of certain 

types of chemical bonds, was used to probe the chemical stability of the perovskites in CO2 

atmospheres.  

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) take 

advantage of the interaction of a solid sample with X-rays or electrons, respectively, and 

measuring the energy of the emitted surface (< 6 nm deep into the surface) electrons. Both 

techniques were used in this thesis work to determine the chemical composition of the surface 

region of the Ni-YSZ and the perovskites-based catalysts after exposure to low levels of H2S. In 
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both XPS and AES, the critical features that are tracked are the binding and kinetic energy, 

respectively, of emitted electrons in relation to their intensity. 

Electron microprobe analysis (EMPA) was carried to establish the elemental composition 

of the samples, while scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) were used to determine the microstructure and morphology of powder 

samples and the electrochemical cells. Energy dispersive X-ray spectroscopy (EDX), a capability 

that is part of the SEM instruments, was employed for semi-quantification of the composition of 

powder and solid samples, including of sample cross-sections. 

Low energy ion scattering (LEIS) is a highly sensitive surface technique that can provide 

resolved monolayer information about the surface composition179. The LEIS technique is based 

on the principle of classical momentum, where primary noble gas ions (e.g., He+, Ne+, and Ar+) 

of initial energies ranging from 0.5 to 10 keV strike surface atoms and the backscattered primary 

ions are analyzed, providing resolved monolayer information about the surface composition179.  
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Chapter Three: Experimental methods  

3.1 Material synthesis and preparation 

3.1.1 Synthesis of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) perovskites 

A glycine-nitrate combustion process was employed to prepare all of the 

La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) perovskite powders46, 120. Reagent grade La(NO3)2·6H2O (> 

99.9%, Sigma-Aldrich), Sr(NO3)2 (> 99.9%, Sigma-Aldrich), Ca(NO3)2 4H2O (> 99.9%, Sigma-

Aldrich), Fe(NO3)3·9H2O (> 98%, Alfa Aesar), Cr(NO3)3·9H2O (98.5%, Alfa Aesar), and 

glycine (99.5%, Alfa Aesar) were dissolved in deionized water using metal proportions that were 

based on the desired stoichiometry of the La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) and 

La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) materials. A 2:1 mole ratio of glycine to the total metal cation 

content was used. Stirred solutions were slowly heated on a hot plate until auto-ignition and self-

sustaining combustion occurred. The ash was subsequently pulverized and pre-calcined at 1200 

oC for 2 h in air (conditions under which single phases are generated). The powders were then 

ball milled (high energy planetary ball mill, Pulverisette 5, Fritsch, Germany) in an isopropanol 

medium at a rotation speed of 300 rpm for 2 h using zirconia balls. 

 

3.1.2 Preparation of screen printing organic carrier 

The organic carrier used for preparing both the Gd0.1Ce0.9O2-δ (GDC) and LMFCr slurries 

for use in screening printing on the solid electrolyte was prepared by mixing an ethyl cellulose 

(0.7 g) binder with a butyl benzyl phthalate (2 g) plasticizer in a mixed n-butanol (2 g) and 

terpinol (15 g) solvent. The solution was stirred at 70 oC for 1-2 h to achieve homogenous 

mixing of all components. This organic carrier composition was adopted from Dr. Min Chen 

(former member of the Birss group at University of Calgary). 
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3.1.3 NiO and Yttria stabilized zirconia (YSZ) powders 

As received yttria stabilized zirconia (YSZ) (8 mol.% Y2O3, Tosoh TZ-8Y, Tosoh, 

Tokyo, Japan), NiO (99.9 %, Advanced Materials), and (La0.8Sr0.2)0.98MnO3 (LSM) (99.9%, 

Praxair, Woodinville; WA) powders were used to prepare the NiO-YSZ and LSM-YSZ slurries, 

used for fabricating the Ni-YSZ-based half and full cells, described in Section 3.2.  

 

3.2 Cell fabrication  

3.2.1 Ni-YSZ half and full cell fabrication   

This section describes the cell preparation used in Chapter 4 of this thesis. 

 

3.2.1.1 Fabrication of 3-electrode Ni-YSZ half cells 

Figure 3.1 shows the 3-electrode half cell geometry employed, consisting of a Ni-YSZ 

working electrode (WE) placed symmetrically to a Ni-YSZ counter electrode (CE) on the other 

side of a 1 mm thick (Tosoh) dense 8 mol.% YSZ (8YSZ) electrolyte disc with a 2.5 cm 

diameter. A Ni-YSZ reference electrode (RE) was located > 0.4 cm from the CE on the CE side. 

Cells 1 and 2 were fabricated by painting the WE, CE and RE on a 1 mm thick (Tosoh) dense 8 

mol% YSZ (8YSZ) electrolyte disc with a ball milled 43:57 wt.% 8YSZ:NiO mixture containing 

terpinol/butanol. This was followed by oven-drying at 160 °C, adding a second layer of course 

particulate NiO paint to each electrode for electronic contact to the Ni sponge (Inco) current 

collector, oven drying, and then firing at 1300 °C for 2 h in air.   
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Figure 3.1 Schematic of the Ni-YSZ-based 3-electrode half cell configuration. 

 

Other 3-electrode half cells (Cell 3) were prepared using infiltration methods. First, a 

YSZ scaffold was produced, consisting of a slurry of 8YSZ (Tosoh) with 9 wt. % graphite pore 

former (< 325 mesh, Sigma-Aldrich) suspended in ethanol, ethyl cellulose, and polyvinyl butyrol 

and then ball milled together. This mixture was spray-coated onto a 1 mm thick (12 mm 

diameter) 8YSZ dense electrolyte disc (Tosoh) to form the WE. Both the CE and RE were 

prepared by painting a mixture of NiO-YSZ suspended in terpinol onto the opposite side of the 

YSZ electrolyte, after which the cell was oven dried at 150 °C for 30 min. Then, a current 

collecting paste, consisting of NiO and 4 wt. % graphite suspended in terpinol, was painted onto 

each electrode, followed by firing at 1250 °C for 2 h.  

After sintering, Ni was infiltrated into the WE by pipetting a small amount of 3 M nickel 

nitrate (Ni(NO3)2·6H2O, Sigma-Aldrich), dissolved in methanol, onto the WE surface and oven-

drying at 150 °C and then at 300 °C for 15 min each. The pipetting and drying stages were 

repeated 20 times to give a ~ 13 wt. % Ni content infiltrated into the YSZ scaffold of the WE.  
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3.2.1.2 Fabrication of Ni-YSZ/YSZ/LSM-YSZ full cells  

  The full cells (FC1, Figure 3.2)) were fabricated by screen printing the NiO-YSZ anode 

(50:50 wt. % 8YSZ:NiO slurry containing terpinol) on the surface of a 0.1 cm thick (2.5 cm 

diameter) dense YSZ electrolyte disc. After screen printing, the cell was dried in air and fired at 

1300 oC for 2 h. A second layer of NiO paste was then painted onto the NiO-YSZ surface. The 

cathode was prepared by screen printing a (La0.8Sr0.2)0.98MnO3 (LSM):YSZ terpinol based slurry 

on the opposite side of the dense electrolyte and then fired at 1150 oC for 2 h. After firing, a thin 

layer of Pt was applied onto the LSM-YSZ layer to serve as a current collector.  

 
Figure 3.2 Schematic of the 2-electrode full cell configuration. 

 

3.2.2 Fabrication of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) half and full cells  

This section describes the cell fabrication methods used to obtain the results given in 

Chapters 5, 6 and 7. 

 

3.2.2.1 Symmetrical La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca, LMFCr)-based full cell fabrication 

Figure 3.3 shows the symmetrical LMFCr/doped ceria layer/yttria-stabilized zirconia 

(YSZ)/doped ceria/LMFCr full cells investigated in Chapters 5 and 6. To prepared the cells, 
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La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) powders mixed with organic carrier (described in Section 

3.1.2) were ball milled at 200 rpm for about 1-2 h to prepare the La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, 

Ca) slurry. The La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) slurry was then screen-printed symmetrically 

onto both sides of a 300 μm dense (2.5 cm diameter) YSZ electrolyte (Fuel Cells Materials) 

coated with a ca.10-30 µm thick Sm0.2Ce0.8O2-δ (SDC) or Gd0.1Ce0.9O2-δ (GDC) buffer layer, 

followed by firing at 1100 oC for 2 h at a heating and cooling rate of 3 oC/min.  

For the cells fabricated with a SDC buffer layer, custom-made YSZ electrolytes, with the 

SDC already screen-printed on it, were purchased from Fuel Cell Materials. The GDC buffer 

layers were prepared in-house by ball milling GDC powder (Fuel Cell Materials) with the 

organic carrier (Section 3.1.2) at 200 rpm for 1-2 h to form the slurry. The GDC slurry was then 

screen-printed onto both sides of a 300 µm (2.5 cm diameter) YSZ electrolyte (Fuel Cell 

Materials) and fired at 1200 oC for 2 h at a heating and cooling rate of 5 oC/min.  

 
Figure 3.3 Schematic of the LMFCr-based symmetrical full cell configuration. 
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3.2.2.2 Fabrication of 2-and 3-electrode La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca)-based half cells 

To prepare the 3-electrode La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) half cells (Figure 3.4a) 

investigated in Chapter 7, a GDC buffer layer was screen-printed onto both sides of a 300 μm 

thick (2.5 cm diameter) dense YSZ electrolyte (Fuel Cell Materials) to serve as the working 

(WE), counter (CE), and reference (RE) electrodes. This was followed by firing at 1200 oC for 2 

h at a heating and cooling rate of 5 oC/min. 30 µm thick LSFCr working (WE) and counter (CE) 

electrodes were then screen-printed symmetrically onto both sides of the GDC buffer layer-

coated YSZ discs. LSFCr was also used as the reference electrode (RE), screen-printed onto the 

same side of the YSZ as the working electrode (WE) and placed > 0.4 cm from the WE to 

prevent electrode geometry artifacts171, 172. The LSFCr electrodes were then fired at 1100 ºC for 2 

h at a heating and cooling rate of 5 oC/min.  

For the 2-electrode LCFCr half cells (Figure 3.4b) study discussed in Chapter 5, the 

LCFCr slurry was symmetrically screen printed onto both sides of custom-made SDC buffer 

layer/YSZ discs (Fuel Cell Materials). The cells were then fired at 1100 ºC for 2 h at a heating 

and cooling rate of 5 oC/min. As a control, symmetrical GDC/YSZ/GDC cells were also 

constructed by screen-printing and then tested in a 2-electrode half cell configuration (discussed 

in Chapter 6). 
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Figure 3.4 Schematic of the LMFCr-based (a) 3-electrode and (b) 2-electrode half cell 

configurations. 

 

3.2.3 Fabrication of LCFCr-based thin film cells 

The LCFCr thin film samples that were used for the XPS analysis, discussed in Chapter 

5, were fabricated, by spin-coating a polymeric precursor solution of LCFCr onto a YSZ 

substrate at 2000 rpm for 30 s. 20 depositions were done to achieve a ca. 150 µm thick LCFCr 

thin film on a 300 µm YSZ disc (Fuel Cell Materials). After each deposition, the samples were 

heated at 100 and 250 oC for ca. 5 minutes before the next spin coating deposition was carried 

out.  
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The polymeric LCFCr solution was prepared by dissolving stoichiometric amounts of 

lanthanum (III) nitrate hexahydrate, calcium (II) nitrate tetrahydrate, iron (III) nitrate 

nonahydrate and chromium (III) nitrate nonahydrate salts in water and ethylene glycol, followed 

by stirring at 80 °C to allow for polymerization to take place180. The thin film samples were first 

fired at 800 oC in air to form the perovskite phase before the H2S exposure study was carried out. 

 

3.2.4 Gases used for stability and electrochemical testing 

The compressed gases used in this thesis for stability and electrochemical testing were air, 

O2 (> 99.5%), H2 (> 99.95%), N2 (> 99.998%), CO2 (99.8%), CO (> 99.5%), 30 ppm H2S 

(balance H2), and 52 ppm H2S (balance N2). All gases were purchased from Praxair, Calgary. 

 

3.3 Electrochemical cell testing 

3.3.1 Electrochemical testing of Ni-YSZ half and full cells  

Half cells were assembled in a single chamber cell holder using Ni sponge contacts 

(Inco), with the WE and CE coated with NiO paste during half cell loading to improve this 

contact. All components were held together via compression in a quartz tube half cell holder 

(Figure 3.5). Full cells were assembled in a cell holder (similar to Figure 3.5) using Ni sponge 

contacts (Inco), with the anode coated with Ni paste during cell loading to improve the contact. 

The cathode was painted with Pt paste and Pt gauze was used as the contact. For full cell testing, 

a glass sealant (Type 613, Aremco Products, USA) was used to isolate the fuel and O2 sides from 

each other.   
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Figure 3.5 Simplified schematic of the half cell test configuration. 

 

All cells were ramped to 800 °C in air (5 °C/min), after which N2 was introduced for ~ 15 

min (only to the anode chamber in the full cell study). At 800 °C, NiO was reduced to Ni in 

humidified 23.9 ml/min H2 (3% H2O) + 2.5 ml/min N2 for 30 min. The cell was then ramped 

down to the operating temperature in this reducing atmosphere. After equilibration for several 

hours, the electrochemical evaluation of painted Ni-YSZ half cells was initiated in 3% H2O 95:5 

H2:N2 (with or without 52.8 ppm H2S in the N2 stream), resulting in a 5 ppm H2S in humidified 

H2 composition. The fuel was introduced to all sides of the cell, but the gas flow (~ 25 ml/ min) 

was directed at the WE so that the response to H2S exposure would coincide with changes in gas 

composition. Infiltrated cells (Cell 3) were exposed to 8.56 ml/min H2 (3% H2O) and 2 ml/min 

N2 (with and without 52.8 ppm H2S), giving a ratio of 81:19 H2:N2 (10 ppm H2S). 
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3.3.2 Electrochemical testing of symmetrical La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca)-based full 

and half cells 

3.3.2.1 Testing of LMFCr-based 2-electrode half and full cells  

Au paste (C 5729, Heraeus Inc. Germany) was painted on the La0.3M0.7Fe0.7Cr0.3O3-δ (M 

= Sr, Ca, (LMFCr)) layers on both sides of the YSZ electrolyte to serve as the current collector 

and Pt wires were used as the electrical leads. The cells were fixed in a FCSH-V3 cell holder 

(Materials Mate, Italy, Figure 3.6) for determining their electrochemical properties in various gas 

atmospheres over a temperature range of 600-850 oC. For full cell testing, a glass sealant (Type 

613, Aremco Products, USA) was used to isolate the fuel and O2 sides from each other. 

 
 

Figure 3.6 Photo of the FCSH-V3 cell holder (Materials Mate, Italy).  

 

The total flow rates were 25 ml/min and 40 ml/min at the fuel and oxygen electrodes, 

respectively. The total flow rate used for half cell testing was 50 ml/min to ensure that both of 
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the electrodes were exposed to the same environment. In Chapter 5, the gases used for 

electrochemical testing were humidified H2/N2 (with or without 10 ppm H2S) and air. Chapter 6 

mainly focused on using air, 20-100% CO2, 70-100% CO2:0-30% CO and 10-30% CO:70-90% 

N2 gas mixtures for stability and electrochemical testing. 

 

3.3.2.2  3-Electrode LSFCr-based half cell testing 

Au paste (C 5729, Heraeus Inc. Germany) was painted on the WE, CE and RE surfaces to 

serve as the current collector. The electrochemical measurements to evaluate the cell 

performance were performed using 3-electrode methods in a range of dry gas atmospheres (air, 

70-100% CO2 and 30-100% CO2:0-30% CO), with a total flow rate of 50 ml/min.  

 

3.3.2.3  Electrochemical evaluation of Ni-YSZ and LMFCr-based cells 

Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and 

potentiostatic and galvanostatic techniques were used for the electrochemical evaluation of the 

Ni-YSZ and LMFCr half and full cells, operated in various atmospheres at 500-850 oC. The EIS 

data were collected under open circuit and polarized conditions using an ac amplitude of 10-50 

mV in the frequency range of 0.01 to 60 kHz and using a Solartron 1287/1255 potentiostat/ 

galvanostat/impedance analyser. ZPlot software (Scribner Associates Inc.) was used to run the 

EIS experiments, while ZView software (Scribner Associates Inc.) was used to fit and analyze 

the EIS data, with the chi-squared values obtained from the equivalent circuit fitting of the data 

shown in this thesis being ≤ 10-4.   

The CV and potentiostatic/galvanostatic measurements were performed using a Solartron 

1287 interface, with control and data collection handled by Corrware software (Scribner 
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Associates Inc.) and CView software (Scribner Associates Inc.) employed for data analysis. For 

the 3-electrode half cell study discussed in Chapter 7, the CV measurements (sweep rates from 1-

5 mV/s) were between -0.7 V and 0.7 V vs. the RE. 

 

3.4 Material characterization methods 

3.4.1 Powder X-ray diffraction (PXRD) 

Two instruments were used for the PXRD analysis, a Bruker D8 powder X-ray 

diffractometer and a Rigaku Multiflex X-ray diffractometer. Both instruments were operated at 

40 kV and 40 mA, using a Cu target material. The PXRD data were acquired between 10 and 80 

2-theta (2θ) values at a scan width of 0.02˚ and a counting time of 6 s.  The PXRD analysis of the 

Ni-YSZ sample was carried out after several days of electrochemical testing of the cell in 

humidified H2/N2, with or without the addition of 10 ppm H2S. 

Ex situ PXRD was used for phase identification and determination of the chemical 

stability of the synthesized La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca, (LMFCr)) powders in air, 20-

100% CO2, 70-100% CO2:0-30% CO, 10-30% CO:70-90% N2, and 30 ppm H2S (balance N2) 

mixtures at room temperature. The chemical stability tests of LMFCr powders were carried out 

in the various gas mixtures from room temperature to 800 oC with varying dwell time (6-24 h) at 

800 oC, before cooling down to room temperature in the same gas atmosphere. 

In situ high temperature XRD analysis was carried out to further study the chemical 

stability of La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) in CO2 environments, using the Bruker D8 Powder 

X-ray diffractometer with a high temperature stage (Anton Paar XRK 900). The LSFCr powder 

in the presence of CO2 was heated at 5 oC/min and the XRD data were collected at 30, 400, 600, 

and 800 oC for 30 min. 
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3.4.2 Fourier transform infrared (FTIR) spectroscopy  

FTIR spectroscopy analysis was carried out on as-prepared LSFCr powder exposed to dry 

100% CO2 from 30-800 oC, with a 24 h dwell time at 800 oC, before cooling to 30 oC in CO2. 

The LSFCr sample was heated and cooled at a ramp rate of 5 oC/min in the CO2 atmosphere. 

The FTIR measurements were recorded in transmittance mode using a Varian Model FTS 

7000 FTIR spectrophotometer, equipped with a DTGS detector. Small amounts of the LSFCr 

powder (20-25 mg), after exposure to CO2, were thoroughly mixed with pre-dried KBr powder 

by grinding. The experiment was performed in the frequency range of 4000-400 cm–1 at a 

resolution of 4 cm-1, with 100 scans of data accumulation. Before running the samples, the 

instrument was calibrated by running a blank test, involving pure, dried, KBr powder placed on 

an aluminium holder after degassing in vacuum for 25 min at room temperature 6. The blank test 

ensured the removal of atmospheric CO2 that may have adsorbed on the samples 6. 

 

3.4.3 Thermogravimetric analysis (TGA)  

The TG analysis was carried out to understand the thermal behavior, CO2 stability, and 

the oxygen non-stoichiometry of the LSFCr material, as discussed in Chapter 6. The weight 

change of the LSFCr powder (20-50 mg), placed in an alumina crucible, was determined as a 

function of temperature using a Mettler-Toledo (HT-1600) instrument. The TGA experiments 

were carried out from room temperature to 900 oC at a rate of 3 oC/min or 5 oC/min in either air 

or 60% CO2 (balance N2), with some isothermal measurements made at 600 and 800 oC in 60% 

CO2 (balance N2).  
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3.4.4 Scanning electron microscopy/Energy dispersive X-ray spectroscopy (SEM/EDX)  

SEM/EDX analysis was carried out to determine the morphology, microstructure, and 

chemical composition of Ni-YSZ samples (Chapter 4), LSFCr powders exposed to various gas 

atmospheres (Chapter 6) and LSFCr cells (Chapter 6), using a Philips/FEI X23 ESEM, 

(Microscopy and Imaging Facility, Health Sciences, University of Calgary). The samples were 

usually sputter-coated with a thin layer of Pd-Au to avoid any charge build-up during SEM 

analysis. The SEM was operated at a working distance of ca. 10 mm and accelerating voltages in 

the range of 10-20 kV. EDX analyses were carried out to determine the elemental composition of 

the samples. 

 

3.4.5 High resolution transmission electron microscopy (HRTEM)  

The high resolution transmission electron microscopy (HRTEM) analysis was carried out 

through a collaboration with Dr. Davide Avila-Brande (Department of Inorganic Chemistry, 

Universidad Complutense, Madrid, Spain). The analysis was carried out on as-prepared LSFCr 

powder and on LSFCr powders exposed to 100% CO2, 90% CO2:10% CO, and 70% CO2:30% 

CO and from 30-800 oC, with a 24 h dwell time at 800 oC. All of the samples were heated and 

cooled at a ramp rate of 5 oC/min in the same gas atmosphere. 

For the HRTEM analysis, the LSFCr powders were ground in n-butyl alcohol and 

ultrasonically dispersed. A few drops of the resulting suspension were deposited on a carbon-

coated grid. HRTEM was performed using a JEOL JEM 3000F microscope (Universidad 

Complutense, Madrid, Spain) operating at 300 kV (double tilt, ±20°, point resolution 0.17 nm), 

fitted with an X-ray energy dispersive spectroscopy (EDX) microanalysis system (OXFORD 

INCA) and an ENFINA spectrometer with an energy resolution of 1.3 eV. The atomic ratio of 
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the metals was determined by EDX, which showed good agreement between the analytical and 

nominal compositions in all of the crystals. 

 

3.4.6 Electron microprobe analysis  

For elemental mapping, a JEOL JXA-8200 electron microprobe, employing five 

wavelength dispersive spectrometer (WDS) channels, was used for the elemental mapping of the 

LCFCr/GDC/YSZ/GDC/LCFCr cells (Chapter 5) after electrochemical testing in humidified 

30% H2/N2, with or without the addition of ca.10 ppm H2S. Also, elemental mapping was carried 

out of a LSFCr-based symmetrical full cell (Chapter 6) after several days of testing in 70-100% 

CO2:0-30% CO atmospheres, at 600-850 oC. The samples were polished to very fine grades and 

then carbon-coated before the electron microprobe analysis.  

 

3.4.7 X-ray photoelectron spectroscopy (XPS)  

XPS analysis was performed on Ni-YSZ anodes after electrochemical testing in 5 ppm 

H2S in H2 at 500 °C. The XPS spectra were collected using a monochromatic Al source (1486.60 

eV) on a PHI VersaProbe 5000 instrument (Catalyst Surface Science Laboratory, Department of 

Chemical and Petroleum Engineering, University of Calgary) with a 25 W X-ray beam (~100 µm 

dia). Charge compensation was achieved with low energy Ar+ ions and an electron flood gun.  

The XPS data were processed using MultiPak software (Physical Electronics).   

The XPS analysis of the LCFCr thin film samples, exposed to 30-50% humidified H2, 

with or without the addition of 10 ppm H2S, for varying lengths of time at 600 oC and 800 oC, 

was carried out by our collaborator, Dr. Ali Ahsen (Dr. Osturk’s group, Turkey). The analysis 

was performed in a UHV chamber, which has a base pressure of 1.0x10-10 torr. The chamber was 
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equipped with a conventional X-Ray source (Al Kα and Mg Kα) and Phoibos 150 charged 

particle analyzer. The La3d, Ca2p, Cr2p, Fe 2p and S2p peaks were fit with a Voight function 

after subtracting the polynomial background functions.  

 

3.4.8 Auger electron spectroscopy (AES) 

Auger electron spectroscopy (AES) analysis was performed on a rapidly cooled Ni-YSZ 

cermet that had been exposed to 5 ppm H2S at 500 o C for 72 h, as discussed in Chapter 4. Auger 

spectra were collected using a multi-channel detector with a cylindrical mirror analyzer on a Phi 

690 scanning Auger NanoProbe system (Catalyst Surface Science Laboratory, Department of 

Chemical and Petroleum Engineering, University of Calgary), using a field emission electron 

gun at 10 kV and 10 nA. A scintillator was used for secondary electron imaging. The stage 

supporting the sample was tilted at 75º to avoid any charging effects and the main chamber was 

maintained under vacuum at 3x10-10 torr. Elemental maps were obtained by using a 35,000X 

magnification and monitoring the Auger signals for S (156 eV), Ni (849 eV) and Zr (1847 eV).  

 

3.4.9 Low energy ion scattering spectroscopy (LEIS) 

To further understand the state of sulfur on H2S-exposed Ni-YSZ samples, we began a 

collaborative research effort with Dr. Stephen Skinner at Imperial College London (UK), who 

has access to a highly sensitive surface technique, low energy ion scattering spectroscopy 

(LEIS). For the LEIS analysis (performed by Dr Andrea Cavallaro), Ni-YSZ and Ni foil samples, 

exposed to humidified H2 + 10 ppm H2S conditions at 500 oC for 72 h and rapidly quenched to 

room temperature, were investigated. 
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The LEIS experiments were performed using a Qtac100 instrument (ION-TOF GmbH) at a 

base pressure of ~ 3 x 10-10 mbar (which increases to the 10-8 mbar range during the analysis due 

to the flux of noble gas). The instrument was fitted with a double toroidal energy analyzer 

(DTA), which collects the scattered ions at a scattering angle of 145o from all azimuth angles. 

The LEIS measurements were performed using a 3 keV He+ primary ion beam and a 5 nA 

current directed perpendicularly to the target surface. 

 Due to the high detection efficiency of this analyzer–detector system and rastering of the ion 

beam across the sample surface (typically over 0.75 x 0.75 mm2), the LEIS spectra were 

recorded with an ion dose as low as 3.5 x 1014 ions/cm2. The samples were analyzed without any 

cleaning step. Once the samples were introduced into the UHV chamber, the LEIS spectra were 

recorded and then followed by low-energy sputtering by 0.5 keV Ar+ bombardment at 59o to 

remove the outer surface for the LEIS depth profile analysis. The sputtered area was 1.5 x 1.5 

mm2 and the sputter time was 10 s with a 1 s pulse time. A 1.6 x10+14 ions/cm2 Ar+ ion dose was 

recorded. A SRIM (Stopping and Range of Ions in Matter) 2008 package was used to estimate 

the crater depth and the Ar sputtering rate of the LEIS depth profile analysis181. 

 

3.5 Error Analysis 

All mass flow controllers (MFCs, Alicat Scientific (MCS Series)) were calibrated using soap 

bubble movement in a 10 ml graduated pipette. To calculate the total flow rate in ml/min, the 

displacement time of the soap bubble over a specific volume was measured with a stopwatch 88, 

182. The MFCs had a ±1% error on the set temperature182.  

XRD data collected from the Brucker D8 Advances instrument were calibrated before the 

measurements using a NIST corundum standard SRM 1976a to check for peak error due to the 
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instrument alignment6. It was adjusted to be within 0.01° for 2θ over the whole angular range. 

The errors in the TGA furnace temperature and balance of the Mettler Toledo thermal system 

TGA/DSC1 were ± 0.5 °C and ± 1 μg, respectively.  

The temperature of the furnace (Linderberg/Blue M*) used for all of the electrochemical and 

stability tests had an error of ±3 °C. The temperature was measured by using a calibrated 

thermocouple (Chromel-Alumel Omega that has an error of ±1 °C). 

Calibration of the Solartron 1287/1255 potentiostat/galvanostat/impedance analyser with a 

dummy cell with a resistance of 1.9-9.3 Ω and over a frequency range of 1-10 Hz gave an error 

of approximately 0.1% between the measured and true resistance value. The Varian 7000 FTIR 

spectrometer has an estimated error of ± 2 cm–1 over the full whole frequency range6. 
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Chapter Four: Activation behavior of Ni-YSZ fuel electrode (anode) in low ppm H2S at sub- 

600 oC 

 

This Chapter contains some data from a published paper (L. Deleebeeck, M. Shishkin, P. Addo, 

S. Paulson, H. Molero, T. Ziegler and V. Birss, Activation of H2 oxidation at sulphur-exposed Ni 

surfaces under low temperature SOFC conditions, Physical Chemistry Chemical Physics, 2014. 

16(20): p. 9383-9393), reproduced by permission of the PCCP Owner Societies. Majority of the 

results and text shown are my contributions.  

 

4.1 Introduction 

Previous work in our group and by others have shown that, even though Ni-yttria 

stabilized zirconia (YSZ) cermets have excellent properties as anodes in solid oxide fuel cells 

(SOFCs) for the oxidation of H2 (Reaction 4.1), they tend to be poisoned by the presence of low 

levels of H2S at the operating temperature (800-1200 oC)177, 183-185. The poisoning effect of H2S 

on Ni-YSZ decreases the performance of the anode towards the hydrogen oxidation reaction 

(HOR) because of the adsorption of sulfur (S) on the surface of the Ni catalyst at the triple phase 

boundary (TPB), which decreases the number of active sites available for the HOR 186.  

2

2 2( ) ( ) 2 (4.1)H g O H O g e    

Both experimental187 and theoretical (density functional theory)157, 188 work have 

suggested an inverse linear relationship between the surface coverage of Sads and adsorbed 

hydrogen (Hads) on Ni, such that the Hads coverage approaches zero as Sads approaches 100% 

coverage (one Sads for two surface Ni atoms). Also, it has been shown in the literature that the 

poisoning of Ni-YSZ anodes by low ppm H2S (ca. <100 ppm) increases as the operating 

temperature of the SOFCs is decreased (e.g., from 1100 to 700 oC) and as the concentration of 

H2S is increased184, 185, 189.  

While there has been some work done on the performance Ni-YSZ anodes in ppm levels 

of H2S at temperatures of ca. 650 oC or below189, 190, there has been no systematic study carried 
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out down to 500 oC. This is presumably because it has been assumed that Ni-based anodes would 

be significantly deactivated by H2S under these conditions. One of the advantages of decreasing 

the operating temperature of SOFCs to sub 600 oC is minimization of the various degradation 

issues, such as oxidation of interconnects, Ni oxidation and related morphology changes, and 

coking, all of which negatively affect SOFCs at high temperature157, 191. Also, operating SOFCs 

at sub 600 oC allows the efficient use of infiltrated electrode nanomaterials to generate higher 

triple phase boundary (TPB) lengths with less sintering and stability issues that are typically 

observed at higher operating temperatures, e.g., at ca. > 750 oC157. Because of this increasing 

focus on SOFC operation at < 600 oC192, 193, the primary purpose of the present study was to 

rigorously determine the extent of sulfur poisoning of Ni-YSZ anodes in the presence of up to 10 

ppm H2S in this lower temperature range156. 

In this chapter, it is shown that there is an unexpected improved performance seen for the 

Ni-YSZ anode towards the oxidation of hydrogen at intermediate temperatures (500-600 oC) in 

the presence of 5-10 ppm H2S in humidified H2. These experiments were carried out using both 

three-electrode electrolyte-supported Ni/YSZ symmetrical half cells and a Ni-YSZ/YSZ/LSM 

(La1-xSrxMnO3)-YSZ full cell. Based on detailed analytical characterization and density 

functional theory (DFT) modeling, it is proposed that the activation of the Ni-YSZ anode (fuel 

electrode) towards hydrogen oxidation (HOR) is due to the local formation of a thin layer of Ni-

S species (e.g., Ni3S2) at the triple phase boundary (TPB). It is shown that the energy barrier for 

H2 oxidation at the Ni3S2/YSZ interface is lower than at Ni/YSZ, thus explaining the results. 
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4.2 Results and Discussion 

4.2.1 Effect of H2S on 3-electrode Ni-YSZ half cell performance at 500-800 oC 

The hydrogen oxidation reaction (HOR) behavior of a 3 electrode Ni-YSZ half cell, with 

the fabrication details discussed in Chapter 3, was studied with or without the addition of 5 ppm 

H2S to humidified 97% H2/N2 at 500-800 oC. Figure 4.1 shows the i-t plots of the cell operated in 

humidified H2 with the addition and removal of 5 ppm H2S, acquired at a 250 mV anode 

overpotential with a 50 oC stepwise decrease from 800 to 500 oC. From Figure 4.1, it is seen that, 

as the temperature was decreased from 800 to 500 oC, the current density corresponding to the 

HOR activity decreased. As expected179, 180, 184 , from 800 to 650 oC (Figure 4.1a), the addition of 

H2S to the humidified H2 leads to poisoning (loss of current) of the Ni-YSZ electrode, while 

removal of H2S leads to a slow recovery of the current. As seen, the recovery process is slower 

than the poisoning step, which agrees with theoretical predictions 194. Even though the recovery 

step is slower, the cell recovers slightly faster at 800 and 750 oC than at 700 oC and 650 oC. At 

800 oC, as shown in Figure 4.1a, the cell completely recovers after ca. 8 h of removal of the H2S, 

indicating complete reversibility.  

The behavior of the cell from 600-500 oC is shown in Figure 4.1b. At 600 oC, the addition 

of H2S leads to poisoning (loss of current). However, the extent of poisoning is smaller when 

compared to at > 650 oC and the cell completely recovers with the removal of H2S. This is 

interesting because the understanding in literature is that the extent of poisoning should increase 

as the temperature is lowered. Unexpectedly, at 550 and 500 oC, the addition of H2S leads to an 

increase in current density (activation), as can be seen in Figure 4.1b, and the cell completely 

recovers at 550 and 500 oC when H2S is removed.  
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Figure 4.1 Potentiostatic study of the effect of 5 ppm H2S exposure and removal on Ni-YSZ 

electrode as a function of temperature in humidified H2, showing the i-t plots at a 250 mV 

anode overpotential monitored at 50 oC increments from (a) 750-650 oC and (b) 600-500oC. 

The 1 and 3 h times of exposure to 5 ppm H2S are marked.  

 

For a clear comparison of the extent of poisoning or activation of the Ni-YSZ electrode 

when H2S is added to the H2 gas stream, the i-t plots were converted to % i-t plots using equation 

4.2. 
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where it=0 is the current density at the onset of H2S exposure, it>0 is the current density before the 

removal of H2S, t = 0 is the H2S exposure onset time, and t > 0 is the final time before removal 

of H2S. Also, the influence of thermal history on the extent of poisoning or activation of Ni-YSZ 

electrodes was studied. Different cells were investigated, where for Cell 1 (Figure 4.1), the initial 

H2S exposure was carried out at 800 oC before decreasing to 500 oC, whereas in Cell 2, the initial 

H2S exposure was 500 oC before increasing the temperature to 800 oC. The primary reason for 
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this study was to understand whether the effect of the activation observed at 500 oC could be 

seen at a higher temperature. 

Figure 4.2 shows the percent current density change with respect to the thermal 

behavior/history of Cells 1 and 2 when H2S was added and removed. Figure 4.2a (Cell 1) shows 

the percent current density (% i-t) plots of only the part of the i-t plots in Figure 4.1 where H2S 

was added and removed. In Figures 4.2a and 4.2c, the percent loss of current density (extent of 

poisoning) of Cell 1 is seen to increase from 18% at 800 oC to 38% at 750 oC. From 750 oC to 

650 oC, it decreases to 30%. At 600 oC, only a 10% current density loss is observed, showing a 

lower extent of poisoning. For Cell 1, the increase in current density (activation) with the 

introduction of H2S is observed at 550 oC and 500 oC. At 550 oC, the current density increased by 

10%, while at 500 oC, a 22% increase in current is observed. For Cell 1, the 600 and 550 oC data 

(Figure 4.1b) likely reflect a transitional state where activation and deactivation behavior is 

intermingled.  

The introduction of H2S first at 500 oC (Cell 2) after the reduction of the NiO-YSZ electrode 

at 800 oC in humidified H2 is shown in Figures 4.2b and 4.2c. As seen in Figure 4.2c, the percent 

loss in current density (extent of poisoning) for Cell 2 from 700 to 800 oC is lower than that of 

Cell 1. Thus, the current density loss for Cell 2 is ca. 15-18% from 700-800 oC, whereas for Cell 

1, the current density loss is between 18-38%. The current density increased by 22% at 500 oC 

for Cell 2, similar to Cell 1. As can be seen, in both Figure 4.2b and 4.2c, the % current density 

gain (activation) for Cell 2 extends from 500-650 oC, whereas for Cell 1, activation or 

enhancement of the HOR in the presence of H2S was only observed from 500-550 oC. The % 

current density gain for Cell 2 decreased slightly from 22% to 18% from 500-600 oC, and at 650 

oC, the % current density gain is 5%. Therefore, for Cell 2, the activation/deactivation transition 
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temperature is likely between 600-650 oC, whereas for Cell 1, the transition temperature is 

between 550-600 oC. This shows that the activation effect observed at 500 oC can be extended to 

intermediate temperatures (600-650 oC) if the introduction of H2S to the cell is initially carried 

out at lower temperatures (500 oC) before going to higher temperatures (>700 oC).  

 
 

Figure 4.2 Effect of cell thermal history on Ni-YSZ anode response to H2S exposure. 

Percentage change in H2 oxidation current seen at Ni-YSZ anodes upon introduction of 5 

ppm H2S in humidified H2 for data acquired (a) from 800 oC down to 500 oC for Cell 1, (b) 

from 500°C up to 800 oC for Cell 2, and (c) a comparison plot showing the % i vs. 

temperature plot. A positive percentage change in current indicates H2S activation of the 

Ni anode, while negative changes indicate anode poisoning by H2S.  
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These results therefore strongly suggest that a new surface species or state, which is catalytic 

towards H2 oxidation, can be formed at the Ni-YSZ anode in H2S at low temperatures (500 °C). 

Once formed, its effects persist to higher operating temperatures (e.g., 600 °C) than when H2S 

exposures are carried out at higher temperatures first. This has important implications for the 

development of a sulfur tolerant cell that would be operated only at temperatures of 600 oC or 

lower, e.g., metal-supported SOFCs. 

 

4.2.2 Detailed electrochemical study of the activation of Ni-YSZ anode at 500 oC 

To further understand the reaction mechanism associated with the activation of Ni-YSZ 

anodes in 5 ppm H2S at 500 oC, this section provides a more detailed electrochemical analysis vs. 

Section 4.2.1, based on both ac and dc techniques. The study was carried out with a 3-electrode 

Ni-YSZ cell kept solely at 500 oC, with or without H2S added to the humidified H2 gas steam.  

Figure 4.3 shows the open circuit electrochemical impedance spectroscopy (EIS) data 

acquired when exposing a Ni-YSZ fresh cell to 3 cycles of 5 ppm H2S addition and removal at 

500 oC for 75 h. The inductive behavior at low frequencies (Figure 4.3a), seen as an inward curl 

at low frequencies, is likely due to further anode activation during long polarization times. Figure 

4.3b shows the resistance vs. time plot, obtained by fitting the Nyquist plot to a 

Rs(R1CPE1)(R2CPE2) equivalent circuit (Figure 4.3a). Rs is the series resistance, which is 

mainly dominated by the electrolyte. R1CPE1 and R2CPE2 reflect the processes occurring at 

high and low frequencies, respectively, where R1 is the high frequency resistance, R2 is the low 

frequency resistance and Rp is the polarization resistance (R1 + R2). The CPEs are constant 

phase elements and were converted to capacitance using Equation 4.3 195: 
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where R is a resistance and Q is a constant phase element (CPE), representing a time-dependent 

capacitive element, and n is the associated parameter that indicates the similarity of Q to an ideal 

capacitor, for which n = 1. 

 
Figure 4.3 Response of Ni-YSZ anode (in 3-electrode cell) to H2S at the open circuit 

potential at 500 oC. (a) An example of Ni-YSZ anode impedance response during three 

cycles of 5 ppm H2S addition and removal, as seen in Figure 4.3b showing (i) before 

exposure to H2S, (ii) in 5 ppm H2S, and (iii) following removal of H2S and partial recovery 

in H2. (b) Resistances obtained from fitting the Nyquist plots to the equivalent circuit 

(Figure 4.3a) during the 75 h of three cycles of 5 ppm H2S addition and removal. 

 

 From Figure 4.3b and Table 4.1, it is seen that the polarization resistance (Rp) decreases 

rapidly from 360 to 145  cm2 when 5 ppm H2S was added, while the series resistance (Rs) 

remains constant at ca. 47  cm2. This shows the vast improvement in the anode activity that 

results when it is first exposed to H2S at 500 oC, resulting in a 60% decrease in Rp. Because Rp 

only very slowly recovers from 120 to 189 Ω cm2 after H2S is removed in the first cycle, this 

significant activity improvement is still seen 24 h later, indicating that the anode remains 

activated for lengthy period of times, even after H2S is removed.  
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Table 4.1 shows a 41% and 30% decrease in Rp in the second and third cycles of H2S 

addition/removal, respectively, indicating that this kinetically stable H2S-activated state can be 

maintained for a ‘fresh anode’ for tens of hours. Also, it is observed that both the high (R1) and 

low (R2) frequency resistances decrease when H2S is added to the humidified H2. For a Ni-YSZ 

anode, the low frequency arc, seen at about 1 Hz, is ascribed to a gas conversion process which 

is caused by a stagnant layer of gas above the electrode surface196. The gas conversion 

impedance typically has an n value of 1 and a high capacitance (>1 F/cm2) and is not temperature 

dependent196.  

Therefore, to confirm that R2 is not due to gas conversion or mass transport limitations, 

temperature studies were carried out. It was observed that R2 decreased from ca. 150  cm2 at 

500 oC to 5  cm2 at 800 oC and the low frequency capacitance (C2), calculated based on 

Equation 4.3, was 10-3 F/cm2 at 500 oC. Therefore, the results show that the low frequency arc is 

not due to gas conversion or mass transport limitations.  

The effect of the anode overpotential on the catalytic effect of H2S exposure on the HOR 

at Ni-YSZ anodes at 500 °C was also investigated. Figure 4.4 shows the i-t plots of a Ni-YSZ 

anode at overpotentials of 50 to 250 mV with the addition and removal of 5 ppm H2S at 500 oC. 

As expected, the current density increases as the overpotential is increased from 50 to 250 mV, 

with the addition of H2S to H2 giving an enhancement of the hydrogen oxidation reaction at all 

overpotentials.  
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Table 4.1 Resistance values* obtained by fitting the OCP impedance data (Figure 4.3 **) to 

the equivalent circuit shown in Figure 4.3a. 

Cycle 

Time 

Gas 

Rs R1 R2 Rp# 

%Rp loss (h) (Ω cm2) (Ω cm2) (Ω cm2) (Ω cm2) 

First 

0 H2 44 45 315 360 

60 

5 H2 + H2S 46 27 117 144 

Second 

24 H2 47 24 165 189 

41 

29 H2 + H2S 47 18 94 112 

Third 

50 H2 47 21 145 166 

30 

55 H2 + H2S 47 18 98 116 

 

74 H2 46 27 151 177 

  

* R1 and R2 obtained from the high (ca. 100 Hz) and low (ca. 1 Hz) frequency arcs, respectively. 

** 3 electrode Ni-YSZ anode, operated at 500 oC in wet 97 % H2/N2 with the addition and 

removal of H2S.   

# Rp = R1 + R2. Rp values may not add up due to internal rounding 

 

Figure 4.4b shows the corresponding percent current change plot for the addition and 

removal of H2S, obtained from the data in Figure 4.4a by using Equation 4.2. From Figure 4.4b, 

the addition of H2S leads to a 30% increase in current density at 50 mV, while a 20% and 22% 

increase in current density was obtained at a 100 and 250 mV anode overpotential, respectively. 

However, there is no clear trend seen in the magnitude of the activation of the Ni-YSZ anode 

towards the hydrogen oxidation reaction with overpotential. Even so, at low overpotentials (50 

mV), a slightly higher % current density is seen when compared to the case at a 250 mV 

overpotential. Also, deactivation was slow in each case when H2S is removed at 500 oC, as seen 

in Figure 4.4b.  
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Figure 4.4 (a) i-t transients during introduction and removal of 5 ppm H2S in humidified 

H2 at variable anodic overpotentials (50-250 mV) at 500 oC, and (b) the percent current 

increase versus time plots for the data in (a). 

 

Cyclic voltammetry (CV) studies were also carried out in the 3-electrode cell to 

determine the effect of H2S on the hydrogen oxidation reaction (HOR) rate and mechanism. 

Using the Butler-Volmer relationship (Equation 4.4) and its simplified form (Equation 4.5)173, 

representing only the anodic/positive part of Equation 4.4, kinetic parameters, such as the 

exchange current density (io), Tafel slope, and transfer coefficient (αa), associated with the HOR 

process at 500 oC at a Ni-YSZ anode, were determined. 

exp -exp (4.4)a c
net o

F F
i i

RT RT

        
     

    
 

log log ( ) (4.5)
2.303
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net o

F
i i at positive

RT

 
   

where inet and io are the measured and exchange current densities, respectively, η is the 

overpotential, αa and αc are the anodic and cathodic transfer coefficients, respectively, and F and 

R are the Faraday and gas constants, respectively. Based on the Tafel slope (Equation 4.6), the α 
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values, which can be used to help identify the reaction mechanism and the slowest step, can be 

obtained.  

2.303
Tafel slope (4.6)

RT

F
  

The Tafel slope (mV/decade) is dependent on both temperature and the transfer coefficient (α). 

The calculated Tafel slopes at 25 and 500 oC for αa of 0.5, 1, 1.5 and 2.0 are shown in Table 4.2 

197. As can be seen, the Tafel slope decreases with increasing αa and increases with increasing 

temperature. An αa of 0.5 and 1.5 have been suggested to be associated with the rate limiting step 

being the first and second electron transfer process, respectively, while an αa of 1 indicates that a 

chemical step after a first electron step is rate limiting and an αa of 2 reflects a chemical step after 

a second electron step being rate limiting197.  

Table 4.2 Theoretical Tafel slope values using equation 4.6 for different α values at 25 and 

500  oC. 

α 

Tafel Slope (mV/decade) 

Rate limiting step 

25 oC 500 oC 

0.5 118 306 First electron transfer 

1.0 59 153 Chemical step 

1.5 39 102 Second electron transfer 

2.0 30 77 Chemical step 

 

The proposed reaction mechanism for H2 oxidation (Steps 1-5, forward reactions) and 

H2O reduction (Steps 5-1, backward reactions) at a Ni and Pt electrode at 800 oC, with predicted 

corresponding anodic (αa) and cathodic (αc) transfer coefficients, are as follows197, 198: 
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c

Step H O H O       

where a and c represents anodic and cathodic reactions, respectively, and Oo
x, OHo˙, OHads

-  and 

H2Oads reflect oxide, hydroxyl, hydroxide and water species at the TPB. Vo˙˙ is an oxide vacancy 

within the electrolyte and selectrode and selectrolyte represent the surface vacancies on the electrode 

and electrolyte, respectively197. 

Figure 4.5a shows the CV response of the Ni-YSZ anode in the 3-electrode cell, with or 

without H2S, after iR correction using equation 4.12, where i is the measured current density and 

Rs is the series resistance from the impedance data. Higher current densities are seen throughout 

the full potential range (± 250 mV) when humidified 5 ppm H2S was added to the 95:5 H2:N2 gas 

mixture, compared to the CV currents seen in the absence of H2S, all at 500 oC. This further 

confirms that ppm levels of H2S increase the catalytic activity of the HOR at Ni-YSZ anodes.  

( ) ( ) (4.12)sE iR corrected E measured iR   

Figure 4.5b shows the Tafel plots, and using the high field approximation (100-250 mV). The 

observed Tafel slope (TS) is 155-160 mV/decade, which is close to the theoretical value of 153 

mV/decade for αa = 1 at 500 oC (Table 4.2). Based on the proposed reaction mechanism 

(Reactions 4.7-4.11) for the HOR, this suggests that a chemical process (probably Reaction 4.9) 
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following the first electron transfer step is rate limiting during hydrogen oxidation at Ni-YSZ in 

the presence or absence of H2S. 

The extrapolated exchange current density is approximately a factor of two times higher in 

the presence versus absence of 5 ppm H2S, as seen in Table 4.3. A higher io when H2S is added 

to humidified H2 indicates a better catalytic activity of the Ni-YSZ anode towards the HOR at 

500 oC, as also seen in the results above. 

 
 

Figure 4.5 Cyclic voltammetry response of Ni-YSZ anode (Cell 3) with/without H2S. (a) 

Cyclic voltammetry (± 250 mV at 5 mV/s) in humidified H2 and after the addition of 5 ppm 

H2S at 500 oC and (b) the corresponding Tafel plots. 
 

Table 4.3 Extrapolated kinetic parameters from Figure 4.5b. 

Anodic Branch Humidified H2 Humidified H2 + 5 ppm H2S 

αa 0.99 0.93 

io (mA/cm2) 0.09 0.15 
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Interestingly, from the CV in Figure 4.5, it can be seen that the cathodically polarized Ni-

YSZ electrode (reduction of steam in humidified H2) also shows activation at 500 oC when ppm 

levels of H2S are introduced. This has a direct impact on solid oxide electrolysis cell (SOEC) 

applications, where it is known that exposure of Ni (now the cathode) to trace quantities of H2S 

can cause severe poisoning effects with prolonged operation at higher temperatures (800-850 

oC). In fact, the operation of SOECs at temperatures down to ca. 600 oC is an area of significant 

interest in relation to minimizing cell degradation effects73, and thus the catalytic effect of H2S 

on Ni reported here under electrolysis conditions could be highly advantageous.  

 

4.2.3 Effect of H2S on Ni-YSZ anodes in 2-electrode full cell configuration at 500 oC 

As discussed above, the activation of the hydrogen oxidation reaction in the presence of 

low ppm H2S (5-10 ppm) at 500 oC was very evident in the 3-electrode half cell studies 

discussed above. Therefore, it was important to show that this activation behavior is not only 

associated with half cells, but can also be observed in a full cell configuration. Therefore, in this 

study, a 2-electrode electrolyte-supported full cell, consisting of a Ni-YSZ anode, a YSZ 

electrolyte, and a LSM-YSZ cathode, was used.  

Figure 4.6 shows the performance of such a full cell (Ni-YSZ/YSZ/LSM-YSZ) at 0.1 V 

vs. the OCP at 500 oC, with humidified 97% H2/N2 fed to the anode and the cathode exposed to 

stagnant air. It is seen that the addition of 5 ppm H2S to humidified H2 gives a rapid increase in 

current at 500 oC at constant potential, while the removal of H2S after the activation step results 

in a slow but steady decrease in current. These results demonstrate that both full cells and half 

cells exhibit an enhancement in the HOR rate in the presence of low ppm H2S at < 600 oC. 
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Figure 4.6 Response of 2-electrode full cell (FC1) showing the i-t response during the 

introduction and removal of 5 ppm H2S in humidified H2 at a 0.1 V cell potential (vs. OCP) 

at 500 oC.  

 

4.2.4 Understanding the H2S activation of Ni-YSZ anodes at < 600 oC 

Electrochemically, it has been shown here that Ni-YSZ anodes are activated towards the 

hydrogen oxidation reaction in the presence of low ppm H2S at sub-600 oC. However, an 

important question relates to understanding which Ni and S species are present at the anode, 

especially at the TPB, during exposure of Ni-based anodes to low ppm H2S environments at 

temperatures below ca. 600 oC. Also, the electrochemical results rule out a simple saturated 

monolayer sulfur coverage at the Ni-YSZ electrolyte interface in this temperature range, which 

has been predicted to be highly inhibiting of the H2 dissociation reaction. Earlier work by 

Grgicak et al.199, 200 showed that bulk Ni sulfides (e.g. Ni3S2) are catalytic towards H2 oxidation, 

enhancing rates by 1.3 and 1.6 times (at 800 and 950 °C, respectively) vs. those found for Ni-

YSZ in pure H2. However, this catalytic effect of H2S at high temperatures is seen only at very 
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high H2S concentrations (≥ 5,000 ppm H2S in H2), conditions required to retain the bulk Ni 

sulfide phases in a H2 atmosphere.   

In our work, bulk Ni3S2 formation is not expected, but a thin layer can possibly form at the 

TPB. Published phase diagrams201-203 also suggest that only a surface adsorbed sulfur phase (up 

to one monolayer coverage) is thermodynamically stable under our experimental conditions. 

However, the literature is not clear at which temperature/conditions a sulfur monolayer covered 

Ni surface state would transition to a bulk sulfide phase, and which intermediate phase would be 

formed during this transition.  

As one possibility, the thermal history dependence of the H2 oxidation activation behavior 

may suggest that a metastable, more sulfidized catalytic phase co-exists with the monolayer 

surface coverage, especially at H2 depleted zones at the Ni-YSZ electrolyte interface. As H2 is 

consumed by the oxidation process, the local increase in the H2S:H2 ratio that results could 

potentially stabilize a thin Ni sulfide phase. It has also been proposed204 that a relatively stable 

intermediate transition state between a simple sulfur monolayer on Ni and bulk Ni sulfide can 

exist under the conditions employed in this work, perhaps also related to high temperature re-

ordering of the Ni-S surface, as reported in the literature. Therefore, it is possible that incipient 

Ni3S2 formation in small amounts is occurring in our work, since we are observing the same 

catalytic effect of Ni3S2 towards the HOR as reported by Grgicak et al.199, 200.  

Minor quantities of bulk Ni sulfides have been detected on nickel-gadolinium-doped 

ceria (Ni-GDC) anodes202, 203, 205, even in low H2S environments. This is possibly because of 

local H2 consumption during steam production, thus stabilizing a Ni sulfide phase. In other work, 

Ni-YSZ cermets, cooled down slowly from typical SOFC operating temperatures (600-800 oC) 

in 50 ppm H2S (in 1.5% H2O, 48.5% N2, and 50% H2), were shown to contain a number of bulk 
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Ni sulfides, including Ni3S4, β-NiS, and Ni3S2, as identified by Raman spectroscopy206, 207. 

However, these phases likely formed during cooling to temperatures well below 500 oC, as in 

situ Raman studies at 570 oC showed no evidence of any bulk Ni-sulfide phases.  

However, an in situ Raman study by Thi at el.158 showed that exposure of a Ni pellet to 

300 ppm H2S/3% H2/Ar atmosphere at 500 oC led to the formation of Ni3S2. In contrast, at 800 

oC, no nickel sulfide species were detected. Based on optical microscopy experiments, Thi at el. 

158 reported that Ni3S2 can be detected at 800 oC after its formation at lower temperature (ca. 500 

oC). Also, they showed that exposure of a Ni-GDC (gadolinia doped ceria) pellet to 500 ppm 

H2S/3% H2/Ar atmosphere at 715 oC resulted in the formation of nickel sulfide crystals158. Even 

though Thi at el.158 detected nickel sulfide at 500 oC, based on in situ Raman studies, Raman 

spectroscopy cannot easily detect the presence of a thin (few monolayer thick) Ni sulfide film, 

distributed in a porous Ni-YSZ anode, as is likely the case under our experiment conditions.  

Thus, as very little published work has examined Ni-YSZ anodes after exposure to H2S under 

our experimental conditions, especially while taking all of the appropriate precautions during 

cool down, several ex situ analyses were carried out here in order to attempt to explain our 

results. This is because high temperature in situ verification of the sulfur surface speciation of Ni 

is very challenging to achieve. In this work, samples exposed to 5 ppm H2S (with or without 

electrochemical testing) for between days and several weeks, most typically at 500 oC, were 

rapidly cooled to room temperature in a pure H2 environment.  

Figure 4.7 shows the powder X-ray diffraction (PXRD) pattern for a Ni-YSZ anode after 

several days of electrochemical testing, with or without 5 ppm H2S in humidified H2 at 500 oC, 

and then rapidly cooled down to room temperature to preserve any Ni-S phases formed at 500 
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oC. It is seen that only the peaks associated with Ni and YSZ are seen, indicating that there is no 

bulk Ni-S phase formed.  

 
 

Figure 4.7 Ex situ XRD pattern for a Ni-YSZ anode after several days of electrochemical 

testing (OCP and polarized) in the presence of 5 ppm H2S added to humidified H2 at 500 
oC.  

  

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis of the 

sample shown in Figure 4.8 revealed no change in the Ni-YSZ composite structure or 

composition after several days of electrochemical testing at 500 oC in the presence of 5 ppm H2S 

added to humidified H2, again indicating the absence of any measurable amounts of bulk Ni 

sulfide species. This is unsurprising, as these techniques are bulk analysis methods, able to detect 

only micron scale layers or more of Ni sulfide on the Ni surface. 
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Figure 4.8 SEM-EDX analysis of a Ni-YSZ anode after several days of electrochemical 

testing (OCP and polarized) at 500 oC in the presence of 5 ppm H2S added to H2. The “X” 

mark on the SEM image shows one of the locations where the EDX analysis was carried 

out. 

 

In comparison, X-ray photoelectron spectroscopy (XPS) results obtained for a Ni-YSZ 

anode surface following electrochemical studies at 500 °C at an anode overpotential of 250 mV 

in 5 ppm H2S in humidified H2 (e.g., Figure 4.4) indicated the presence of sulfur. The detected 

sulfur (S2p) is in the form of a sulfate (169.9 and 171.1 eV) and sulfide (162.6 and 163.8 eV). 

The sulfate peak, seen at ca. 170 eV (Figure 4.9), is likely due to room temperature air oxidation 

of S or sulfide during sample transfer 208. Analysis of the curve fits suggests that the 

sulfide:sulfate molecular ratio is 6:4, and that the total sulfur detected is ca. 3% of the Ni signal 

(with the signal coming from roughly 15-25 atomic layers into the Ni substrate). 

Importantly, the higher intensity of the sulfide peaks relative to the sulfate peaks suggests 

that a certain portion of an underlying Ni sulfide layer survived the transfer to the XPS chamber. 

As care was taken to quickly cool the cells down in a pure H2 atmosphere to minimize any 
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further interactions between Ni and H2S at 500 oC, these results argue for the presence of a thin 

layer of Ni sulfide under our experimental conditions (Figure 4.9). However, as the depth of 

analysis of XPS is 4-6 nm, it is not possible to conclude whether the detected sulfide is a 

monolayer film or some other near-surface sulfur state. 

 
 

Figure 4.9 XPS analysis of Ni-YSZ anode surface, after removal of the porous Ni current 

collector, following electrochemical studies at 500 °C and at an anode overpotential of 250 

mV in 5 ppm H2S in humidified H2 (half cell cooled down in H2). Deconvolution (156-175 

eV) of the XPS pattern confirms the presence of sulfur (S2p) in the form of sulfate (169.9 

and 171.1 eV), and sulfide (162.6 and 163.8 eV) on the sample surface. 

 

Auger Electron Spectroscopy analysis (AES) was also carried out on a Ni-YSZ sample 

exposed to 5 ppm H2S (balance in H2) for 72 h at 500 oC and then rapidly cooled to room 

temperature. Figure 4.10 shows the SEM image (Figure 4.10a) and the associated AES elemental 

map for Ni (Figure 4.10b), S (Figure 4.10c), Zr (Figure 4.10d), a combination of the Ni and Zr 

maps (Figure 4.10e), and a combination of the Ni, S and Zr maps (Figure 4.10f). Figure 4.10f 
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clearly shows that sulfur is present only on the Ni surface (and not on YSZ), although again, the 

exact thickness or quantity of the sulfur-containing surface species could not be determined. 
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Figure 4.10 Auger electron spectroscopy (AES) analysis of the Ni-YSZ cermet after 

exposure to 5 ppm H2S at 500 oC for 72 h and then rapidly cooled to room temperature 

showing (a) SEM image and AES elemental mapping for (b) Ni, (c) S, (d) Zr, (e) the 

combined Ni (green) and Zr (blue) maps, and (f) the combined Ni (green), S (yellow) and 

Zr (blue) elemental maps. 

 

Since the results obtained from the XPS and AES analysis were limited and cannot 

provide monolayer level information, we began a collaborative research effort with Dr. Stephen 

Skinner’s group at Imperial College London (UK), which has access to a highly sensitive surface 

technique, low energy ion scattering spectroscopy (LEIS). This instrument can, in theory, 

determine how deep sulfur penetrates into a Ni surface in 10 ppm H2S at temperatures below 600 

oC through a monolayer by monolayer analysis.  

The LEIS technique is based on the principle of classical momentum, where primary 

noble gas ions (e.g., He+, Ne+, and Ar+) of initial energies ranging from 0.5 to 10 keV strike 

surface atoms and the backscattered primary ions are analyzed, providing resolved information 

about the surface composition179, 209. For the LEIS analysis, both Ni-YSZ and Ni foil samples, 
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exposed to humidified H2 and 10 ppm H2S conditions at 500 oC and rapidly quenched to room 

temperature, were investigated. 

Figure 4.11 shows the LEIS spectra for the Ni-YSZ sample before (Scan 0 - Figure 

4.11a) and after Ar sputtering (Figures 4.11b and 4.11c). The samples were analyzed as received 

without a cleaning step to remove any contaminants, such as carbon, from the surface. Usually, 

the cleaning or preparation step in a LEIS analysis involves oxygen181. Therefore, in order not to 

lose any S adsorbed on the surface in the form of SO2, this step was ignored.  

As can be seen from the first/initial surface scan (Figure 4.11a), no peaks associated with  

Ni, S, O, Y or Zr were seen. This is because the Ni-YSZ surface is masked with contaminants, 

such as carbon, which has also been reported by others181. After removing (Ar sputtering) the 

first few surface layers, peaks corresponding to Ni, S, O, Y and Zr can clearly be seen in the 

spectrum in Figure 4.11b, with the heavier elements showing signals at higher energies (eV). The 

LEIS signals for S and Ni are observed at 1850 eV and 2300 eV, respectively. This spectrum 

shows the presence of S on the Ni-YSZ surface. Figure 4.11c shows the spectrum for the fortieth 

He LEIS scan after more sputtering to reveal the composition of the bulk. The intensity of the Ni, 

O, and Y+Zr peaks increased as the analysis proceeded deeper into the sample and the S peak 

could then no longer be observed. 
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Figure 4.11 LEIS 4He+ surface analysis of Ni-YSZ anode exposed to 10 ppm H2S added to 

humidified H2 at 500 oC for 72 h, showing the spectrum for (a) the initial scan before any 

sputtering, (b) scan 4 after sputter removal of several layers, and (c) scan 40 after more 

sputtering to reach the underlying bulk composition. 

 

To obtain a better understanding of the distribution of the various elements with depth, 

Figure 4.12 shows the LEIS depth profile analysis for the Ni-YSZ sample exposed to H2S. Each 

data point in Figure 4.12 represents a He LEIS surface scan after sputtering a 1.5 x 1.5 mm area 

with 0.5 keV Ar+ at a 1.6 x 10+14 ions/cm2 dose (See Chapter 3 for complete details of the LEIS 

analysis). From Figure 4.12a, it is seen that the Ni and Y+Zr peak intensity increases with depth, 

as expected.  The intensity of O and S is very low, as shown in Figure 4.12b, with the signal for 
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O increasing with depth. However, the S signal is close to the background noise at all times, with 

no clear trend seen. This indicates that the amount of S adsorbed on the surface of the Ni-YSZ is 

very small. Also, because the Ni-YSZ sample was porous and rough, it is possible that this could 

have affected the S intensity.  

 
 

Figure 4.12 LEIS depth-profile analysis of Ni-YSZ anode exposed to 10 ppm H2S added to 

humidified H2 at 500 oC for 72 h showing (a) the Ni and Y+Zr profiles, and (b) the O and S 

profiles. 

 

Therefore, a Ni-foil sample, which had much less or no porosity, exposed to the same 

experimental conditions as the porous Ni-YSZ sample, should show a higher intensity of S. 

Figure 4.13a shows that, for the Ni foil, the Ni signal intensity increases with sputtering to an 

estimated 18 nm into the sample before the Ni content starts to plateau. In Figure 4.13b, it is seen 

that both the S and O intensity increase rapidly to an estimated 3 nm depth before slowly 

decreasing with depth. These data show that any S present on the Ni foil surface is only in the 

outer few layers. The O signal followed the same trend as S, probably because the surface of the 

Ni foil was oxidized, forming sulfate, since the sample was exposed to air (as seen in the XPS 
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result, Figure 4.9). To the best of our knowledge, there is no prior literature where LEIS has been 

used to study the S poisoning of Ni-YSZ electrodes. However, LEIS has been used to study the 

segregation of impurities, such as oxides of Na, Si and Ca, on the surface of YSZ 210. Also, LEIS 

has been employed to show that the surface and sub-surface chemical composition of various 

electrode materials, such as GdBaCo2O5+δ
211, Pr2-xLaxNiO4+δ

212 and NdGaO3
181, was very 

different from the bulk, mainly due to segregation of cations onto the surface.  

 
 

Figure 4.13 LEIS depth-profile analysis of a Ni foil exposed to 10 ppm H2S at humidified H2 

at 500 oC for 72 h showing (a) the Ni profile and (b) the O and S profiles. 

 

4.2.5 Density functional theory (DFT) analysis 

Based on the physical characterization results discussed above, especially the XPS and 

LEIS data, it appears that a thin surface layer of Ni-S (e.g., Ni3S2) is formed on Ni under our 

experimental conditions. To further confirm that Ni3S2 is catalytically more active towards 

hydrogen oxidation reaction (HOR) than is Ni, a collaborative research effort was carried out 

with Dr. Tom Ziegler’s group (University of Calgary) to employ DFT calculations to confirm 
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this assumption, because the catalytic effect of Ni3S2 on H2 oxidation is not well understood in 

the literature.  

The DFT calculations showed that that hydrogen oxidation is more favorable at a 

Ni3S2/YSZ interface as compared to the respective pathways at the normal Ni/YSZ interface. A 

detailed analysis of the electronic and structural properties showed that the structural relaxation 

of the Ni3S2/YSZ interface is responsible for the very favorable energy pathway for hydrogen 

oxidation. It was shown that the pH2O, produced at Ni3S2/YSZ during H2 oxidation, is 

significantly higher as compared to at the Ni/YSZ interface, indicating a higher activity of 

Ni3S2/YSZ as an HOR catalyst. The DFT calculations also suggested that the removal of 

interfacial O2- species (vacancy formation) during water formation at the Ni3S2/YSZ interface is 

more favorable than at Ni/YSZ, with structural relaxation of the Ni3S2/YSZ interface being 

responsible for a very favorable energy pathway for hydrogen oxidation. 

These DFT predictions are consistent with the effect of the experimental history of the 

Ni-YSZ anode on the extent of H2S activation or poisoning, observed in Figure 4.2. It is possible 

that structural rearrangements of the Ni/Ni3S2/YSZ TPB region occur with H2S exposure, 

especially at lower temperatures. For example, it has been shown that short exposures of Ni to 1 

ppm H2S at 700 oC can lead to enhanced metal sintering, and, at higher ppm H2S levels, can 

cause surface etching. Given the right conditions, advantageous restructuring of the TPB in H2S 

at lower temperatures may be at least partly responsible for the variability in the extent of 

activation seen between cells. 
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4.3 Summary 

This work was the first to report that Ni-YSZ (yttria-stabilized zirconia) anodes can be 

activated at sub-600 oC in the presence of low ppm H2S (5-10 ppm) to enhance the hydrogen 

oxidation reaction (HOR)156, of great relevance to solid oxide fuel cells (SOFCs). Employing 

both direct (dc) and alternating (ac) current electrochemical techniques and both full cell and half 

cell studies, it was shown that H2S activation of Ni-YSZ anode towards the HOR is always seen 

at 500-550 oC. And based on the thermal history of the cell, the transition between activation and 

poisoning can either be at 550-600 oC or 600-650 oC, depending on whether the Ni-YSZ anode 

was first exposed to H2S at a higher temperature (800 oC) or lower temperature (500 oC).  

To better understand what is causing the activation of the HOR at 500-600 oC, various ex 

situ bulk and surface characterization methods were used to examine H2S-exposed porous Ni-

YSZ anodes and smooth Ni foils.  From X-ray photoelectron spectroscopy (XPS) and low energy 

ion scattering (LEIS) analysis, it was suggested that a thin layer of Ni-S (e.g., Ni3S2) was 

forming at the triple phase boundary region and could be responsible for the activation behavior 

seen at low temperatures. Under our experimental conditions, bulk Ni3S2 formation is not 

possible since bulk sulfide formation is favourable only at higher ppm of H2S (> 500 ppm) and 

lower temperatures (< 600 oC). However, at the right ratio of H2:H2S at the TPB, Ni sulfide 

species can be formed locally. Density functional theory (DFT) calculations confirmed this 

analysis, showing that the Ni3S2/YSZ interface lowers the activation barrier for the HOR in 

comparison to the Ni/YSZ interface.  
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Chapter Five: Performance and sulfur tolerance of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) solid 

oxide fuel cell anodes  

This chapter contains some published data from P. K. Addo, B. Molero-Sánchez, A. 

Buyukaksoy, S. Paulson and V. Birss, Sulfur tolerance of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) 

solid oxide fuel cell anodes, ECS Transactions, 2015. 66: p. 219-228).  

 

5.1 Introduction 

In Chapter 4, it was shown that Ni-YSZ fuel electrodes (anodes), operated in the SOFC 

mode, are prone to sulfur poisoning at operating temperatures > 600/650 oC, thereby degrading 

the performance of the hydrogen oxidation reaction (HOR). As a result, extensive research has 

been carried out to develop sulfur tolerant SOFC anode materials based on Ni-free conducting 

metal oxides, such as perovskites. For example, La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) has been 

reported to exhibit a comparable electrochemical performance for the HOR as seen at Ni-YSZ at 

900 oC213.  

However, LSCM has been shown to be less sulfur tolerant in fuels containing 10% H2S 214. 

Studies by Mukundan et al.162 showed that La0.4Sr0.6TiO3-δ (LST) is a sulfur tolerant SOFC 

anode, as it did not exhibit any form of degradation in a 5000 ppm H2S + H2 fuel. Studies by 

Haag et al. 116 showed that LaSr2Fe2CrO9-δ-Gd0.1Ce0.9O2-δ composite anodes, exposed to 22 ppm 

H2S, exhibited only a slight decrease in performance relative to the response in H2. Also, 

La0.3Sr0.7Fe0.7Cr0.3O3-δ, (LSFCr), operated on wet 50% H2/CO fuel containing 10 ppm H2S, 

showed only a small drop in cell potential, indicating very good stability as an anode in sulfur-

containing environments46.  

     In contrast, several other perovskites have been reported to show an enhancement in the rate 

of hydrogen oxidation in the presence of H2S, including La0.7Sr0.3VO3-δ (LSV)215, 

Sm0.95Ce0.05Fe0.97Ni0.03O3-δ (SCFN)216, and Y0.9 Sr0.1Cr0.9Fe0.1O3-δ (YSCF)217. For LSV, the 
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observed enhancement was attributed to the formation of a conducting vanadium sulfide phase, 

replacing an insulating form (Sr3V2O8)215, while for SCFN and YSCF, it was suggested that the 

active phase that forms in the presence of H2S is probably FeS216, 217. 

 Previous and current studies in our group have explored the substitution of the A-site 

(M) in the mixed conducting perovskite, La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca), to form 

La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) and La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr)46, 57, respectively. These 

perovskites have been successfully employed as both fuel and oxygen electrodes for solid oxide 

fuel cell (SOFC) and solid oxide electrolysis cell (SOEC) applications, using a YSZ (yttria 

stabilized zirconia) electrolyte covered with GDC (gadolinium doped ceria) buffer layers, as 

shown in Figure 3.3.  

It has been reported previously that symmetrical SOFCs, based on the LSFCr perovskite, 

showed good tolerance to low ppm sulfur content in the fuel stream, exhibited excellent 

electrochemical activity towards H2 and CO oxidation, and were also active for the oxygen 

reduction reaction (ORR)46. More recently, it has also been demonstrated that LCFCr shows 

excellent catalytic properties for both the ORR and the oxygen evolution reaction (OER)57. 

However, the performance of LCFCr as a fuel electrode has not been studied as yet. 

Therefore, in this work, LCFCr was examined as an anode in half cell and full cell studies in 

humidified H2 atmospheres, with or without H2S, in comparison to the more well studied LSFCr 

perovskite, as well as with Ni-YSZ electrodes that were studied in depth in Chapter 4. The 

symmetrical full and half cells were constructed by screen-printing La0.3M0.7Fe0.7Cr0.3O3-δ (M = 

Sr, Ca) on a yttria-stabilized zirconia (YSZ) electrolyte, covered by a thin samaria-doped ceria 

(SDC) buffer layer. Electrochemical methods, involving both alternating (ac) and direct (dc) 
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techniques, were used in a symmetrical 2-electrode full and half cell configuration in H2, with or 

without the addition of 9 ppm H2S, all at 600-850 oC.   

It is shown that LCFCr is a very good anode catalyst in H2 fuel, with this mixed 

conducting perovskite material demonstrating enhanced catalytic activity when up to 10 ppm 

H2S was added to the H2 fuel stream at operating temperatures > 700 oC, and anode poisoning 

occurring at temperatures below this. In contrast, in the Ni-YSZ study discussed in Chapter 4 

exhibited the opposite effects, with an enhancement in the HOR activity observed in the presence 

of low ppm H2S at operating temperatures < 650 oC and poisoning at temperatures above this.  It 

is suggested that the activation behaviour of LCFCr, observed at higher temperatures (> 700 oC), 

may be because exposure of LCFCr to H2S at higher temperatures led to an increase in the 

density of surface FeO2 terminated species, which may be the preferred sites for the HOR/HER. 

 

5.2 Results and Discussion 

5.2.1  Performance of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) anodes in wet 30% H2/N2 at 800 oC  

To carry out a first stage comparison of the performance of the La0.3Sr0.7Fe0.7Cr0.3O3-δ 

(LSFCr) and La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) perovskite materials in H2 environments. 

impedance (EIS) and potentiodynamic techniques were employed. The Nyquist data, shown in 

Figure 5.1a, were fitted to a Rs(R1CPE1)(R2CPE2) equivalent circuit (Figure 5.1c), without the 

inclusion of a series inductor, even though inductive behavior was sometimes seen at high 

frequencies. An example of the good fits obtained of the EIS data to the selected equivalent 

circuit is shown in Figure 5.1c, giving a chi-squared value of < 10-4. It should be noted that all of 

the fits of the impedance data shown in this chapter gave similarly low chi-squared values. 
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From Figure 5.1a, a polarization resistance (Rp) of 1.1 and 1.5 Ω cm2 was obtained for 

LCFCr and LSFCr in 30% humidified H2 at 800 oC, respectively. This evaluation, which was 

repeated multiple times for different cells, shows that the performance of LCFCr is slightly better 

than LSFCr, as also seen for the oxygen evolution (OER) and reduction (ORR) reactions in 

parallel work from our group57. This is probably because the average thermal expansion 

coefficient (TEC) of LCFCr is 12 x 10-6 K-1 at 25-1200 oC57, which is lower than the 16 x 10-6 K-

1 at 50-900 oC for LSFCr46. Therefore, LCFCr likely has a better interfacial contact with the 

GDC buffer layer, which has a TEC of ca. 12 x 10-6 K-1 218, 219, leading to better cell performance 

overall. Despite this, the impedance response is quite similar for the two materials, with two time 

constants (R/CPE) seen in both cases. From the Bode plots (Figure 5.1b), the summit frequencies 

for the high (R1CPE1) and low (R2CPE2) are seen to be ca. 100 Hz and 0.1-1 Hz, respectively.   

 

 
Figure 5.1 OCP impedance data for symmetrical full cell based on La0.3M0.7Fe0.7Cr0.3O3-δ 

(M = Sr, Ca) electrodes, at 800 oC, showing (a) the Nyquist and (b) the Bode plots, all in wet 

30% H2/N2 gas mixtures at the fuel electrode and with air exposure at the oxygen electrode, 

and (c) equivalent circuit used for data fitting.  
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To determine which of the arcs (R1CPE1 or R2CPE2) in Figure 5.1 relates to the oxygen 

(cathode) vs. fuel (anode) electrode, the cathode in the LCFCr full cell was fed with either air or 

pure oxygen. From Figure 5.2, it is clear that the high frequency (100 Hz) arc can be attributed to 

the cathode, since in pure O2 (vs. air) the high frequency resistance (R1) decreased from 0.37 to 

0.28 Ω cm2, while the low frequency resistance (R2) changed only slightly, as shown in Table 

5.1.  

 
Figure 5.2 OCP impedance data for symmetrical full cell based on La0.3Ca0.7Fe0.7Cr0.3O3-δ 

(LCFCr) electrodes at 800 oC and showing (a) the Nyquist and (b) the Bode plots, all in wet 

30% H2/N2 gas mixtures at the fuel electrode and with air or O2 exposure at the oxygen 

electrode.  

 

 

Table 5.1 Circuit element values* obtained by fitting the results in Figure 5.2** to the 

equivalent circuit model in Figure 5.1c 

Cathode gas Rs (Ω cm2) R1 (Ω cm2) R2 (Ω cm2) Rp (Ω cm2) 

Air 1.1 0.37 0.68 1.1 

O2 1.1 0.28 0.65 0.91 

 

* R1 and R2 obtained from the high (ca. 100 Hz) and low (ca. 0.1 Hz) frequency arcs, 

respectively.  

** Symmetrical fuel cell based on LCFCr electrodes, operated at 800 oC in wet 30% H2/N2 gas 

mixtures at the fuel electrode and with air or O2 exposure at the oxygen electrode.   

# Rp = R1 + R2 
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The resistance values were obtained by fitting the Nyquist plots in Figure 5.2a to the 

equivalent circuit model shown in Figure 5.1c. Rs is the series resistance, Rp is the polarization 

resistance (Rp = R1 + R2), and (R1CPE1) and (R2CPE2) are the time constants at high (100 Hz) 

and low (0.5 Hz) frequencies, respectively. Therefore, the low frequency arc (R2CPE2) is due 

predominantly  to contributions from the fuel electrode (anode), while the high frequency arc 

(R1CPE1) arises from the oxygen electrode (cathode), consistent with what has been reported in 

the literature for other mixed conducting perovskite systems, including LSFCr 46, 115.   

Direct current (dc) experiments were also carried out to evaluate the performance of the 

full cell, based on La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) at both the fuel electrode (anode) and 

oxygen electrode (cathode). Figure 5.3 shows the performance plots of LCFCr and LSFCr cells 

operated on humidified 30% H2 (balance N2) fed to the fuel electrode and the oxygen electrode 

exposed to air at 800 oC. The LCFCr cell shows a maximum current and power density of 270 

mA/cm2 and 140 mW/cm2, respectively, while the analogous values for the LSFCr cell are 255 

mA/cm2 and 135 mW/cm2, consistent with the impedance data in Figure 5.1.  

A direct comparison of the performance of La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca) to other 

perovskite materials reported in the literature is not possible, as the performance plots shown in 

this Chapter have not been iR corrected, while in the literature, some are corrected while others 

are not. Therefore, the performance plots in Figure 5.3 are affected by the resistance contribution 

from the YSZ electrolyte. Even so, the performance of these La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca)-

based cells, especially of the Ca compound, is comparable, if not better than that of many other 

symmetrical cells (based on perovskite electrodes) reported in the literature. This includes 

La4Sr8Ti12-xFexO38-δ (LSTF), which showed power densities of 90-100 mW/cm2 at 950 oC in 

humidified H2 49.   
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Figure 5.3 Performance plot for symmetrical full cell based on La0.3M0.7Fe0.7Cr0.3O3-δ (M = 

Sr, Ca) electrodes and operated at 800 oC, all in wet 30% H2/N2 gas mixture at the fuel 

electrode and with air exposure at the oxygen electrode. 

 

Therefore, due to the better performance of LCFCr in the H2 fuel environment, the rest of 

this chapter is focused on the LCFCr material as a SOFC fuel electrode (anode)56. Although 

LSFCr was shown to decompose (reversibly) in pure H2 atmospheres in our group’s earlier 

work46, the LCFCr studies described in the rest of this chapter include experiments in H2 and in 

CO/H2 mixtures, although ppm levels of H2S were added only to the H2 atmospheres. Notably, 

all of the experiments were carried out in 2-electrode full and half cell configurations, with 

LCFCr employed at both electrodes, as shown in Figures 3.3 and 3.4.  

 

5.2.2 Performance of LCFCr in H2/CO fuel mixtures at 800 oC 

The performance of the LCFCr fuel electrode was examined first in wet H2, CO, and in 

syngas (H2+CO) atmospheres, without any H2S exposure, with air introduced to the LCFCr 

material at the other electrode. Figure 5.4a shows that the polarization resistance of the cell is 
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0.95 Ω cm2 in H2, which is slightly smaller than the Rp values obtained in the CO (1.1 Ω cm2) 

and CO+H2 (1.0 Ω cm2) atmospheres. This indicates that the material is only a somewhat better 

catalyst for H2 oxidation than it is for CO oxidation. A study by Bierschenk et al.115, showed that 

the total anode polarization resistance of a LaSr2Fe2CrO9-δ-based cell at 800 oC increased by 2 

times by switching from pure H2 to pure CO. Others have also shown that the polarization 

resistance of a Ni-YSZ anode operated in CO increased by 2-10 times when compared to the 

performance in H2
115, 220, 221. 

 
Figure 5.4 OCP impedance data for symmetrical full cell based on two LCFCr electrodes at 

800 oC, showing (a) the Nyquist and (b) the Bode plots, all in wet 30% H2/N2, 15% H2:15% 

CO, or 30% CO gas mixtures at the fuel electrode and with air exposure at the oxygen 

electrode.  

 

Overall, these results show that LCFCr is a very promising SOFC anode material that can 

be employed in a range of fuels, giving a very good performance in all cases. From the Nyquist 

(Figure 5.4a) and Bode (Figure 5.4b) plots, it is seen that it is the low frequency arc (R2/CPE2) 

that is changing with changing fuel environments, again confirming that the low frequency arc is 

associated primarily with the anode. 
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The performance plot of the cell in these three gases is shown in Figure 5.5. The OCP in 

the three gases is seen to be ca. 1.06 V, which is very close to the theoretical value, indicating 

that the anode and cathode compartments are well sealed and that there is no gas leakage. As 

stated earlier, there is not much difference in the activity of the LCFCr material in H2, CO and 

H2+CO atmospheres, as supported here by these dc measurements. Even with the significant 

contribution here of the relatively thick YSZ electrolyte (300 µm) to the series resistance of these 

cells, the maximum power density is between 140 to 150 mW/cm2 in these environments, while 

the maximum current density is in the range of 250-270 mA/cm2, all at 800 oC. The performance 

of this LCFCr symmetrical cell is higher than that reported by Ruiz-Morales et al.222, where they 

showed that a La0.7Ca0.3CrO3-δ (LCC)-based symmetrical cell, operated in H2 at 950 oC, gave a 

power density of only ca. 100 mW/cm2. To better understand the total area specific resistance 

(ASR) associated with the cell when operated in wet 30% H2 (balance N2), the i-V plot, shown in 

Figure 5.5a, was differentiated to give the ASR (ASR = dE/di) of the cell. From Figure 5.5b, it 

can be seen that the ASR decreased from ca. 2.05 to 1.90 Ω cm2 from 0 A/cm2 (OCP) to about  

0.2 A/cm2 and then increased to 2.3 Ω cm2 at 0.4 A/cm2. The ASR value obtained at OCP for the 

LCFCr cell operated in wet 30% H2 (balance N2) is in good agreement with the ASR value (ASR 

= Rs+Rp) obtained from the OCP impedance data shown in Figure 5.4. 
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Figure 5.5 (a) Performance plot for symmetrical full cell, based on LCFCr electrodes, 

operated at 800 oC in wet 30% H2/N2, 15% H2:15% CO, or 30% CO gas mixtures at the 

fuel electrode and with air exposure at the oxygen electrode, and (b) the ASR-i plot 

(derived from the i-V plot in (a)) for wet 30% H2/N2. 

 

5.2.3 Chemical stability of LCFCr in H2S 

Since this is the first time LCFCr has been demonstrated to be a catalytically active fuel 

electrode for H2/H2O and CO/CO2 reactions, it was considered to be important to evaluate 

whether it can tolerate low ppm H2S levels at operating temperature of 600-850 oC, also in 

comparison with Ni-YSZ (Chapter 4). Figure 5.6 shows evidence for the chemical stability of 

LCFCr exposed to 30 ppm H2S (balance N2) from room temperature to 800 oC, with a 24 h 

holding time at 800 oC, and then cooled down to room temperature. From the X-ray diffraction 

(XRD) patterns, it can be seen that there are no detectable secondary phases formed, suggesting 

that LCFCr in the presence of H2S is stable.  
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Figure 5.6 Ex situ XRD patterns showing the chemical stability of La0.3Ca0.7Fe0.7Cr0.3O3-δ 

(LCFCr) powder (i) as-prepared, and (ii) after exposure to 30 ppm H2S/N2 atmosphere 

with a 24 h dwell time at 800 oC. The sample in (ii) was heated and cooled at a ramp rate of 

5 oC/min in H2S/N2 atmosphere.  

 

Other perovskites, such as La1-xSrxCr1-yMnyO3-δ (LSCM), have also been shown to be 

chemically stable when exposed to 10 ppm H2S at 800 oC for 24 h. However, when exposed to 

30 ppm H2S at 800 oC for 120 h, minor impurities, such as La2O2S, have been observed 223. Zha 

et al.214 investigated the sulfur tolerance of La0.75Sr0.25Cr1-xMnxO3-δ (x = 0.4, 0.5, 0.6) (LSCM) 

and showed that an increase in the Cr content led to a more sulfur tolerant LSCM material. 

However, exposure of LSCM to high H2S content (10%) led to the formation of MnS, α-MnOS, 

and La2O2S, which decreased the performance of the cell214.  

 

 

(i) 

(ii) 
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5.2.4 Symmetrical LCFCr full cell studies in the presence or absence of H2S 

Figure 5.7 shows the EIS data for a symmetrical LCFCr/SDC/YSZ/SDC/LCFCr full cell 

in humidified 30% H2 (balance N2), with or without the addition of 9 ppm H2S, fed to the fuel 

electrode (anode) and air fed to the oxygen electrode, all at 800 oC. Figure 5.7a shows that, when 

9 ppm H2S is added to humidified 30% H2 under open circuit potential (OCP) conditions, the 

polarization resistance (Rp) actually decreased slightly, from 1.0 to 0.96 Ω cm2, with no 

deactivation of the LCFCr seen at 800 oC. This slight decrease in the Rp of the LCFCr-based cell 

at 800 oC is contrary to what was observed at Ni-YSZ, where at 800 oC, the addition of low ppm 

H2S led to deactivation of the cell (e.g., Figure 4.1). In comparison, any sulfur-induced 

performance enhancement behavior reported for other types of perovskites has been observed at 

much higher concentrations of H2S (1-5%)215-217.  

Figures 5.7b and 5.7c show the polarized EIS results for the LCFCr-based cell under dc 

polarization in H2, with or without the addition of 9 ppm H2S, again at 800 oC. When the cell was 

polarized in the fuel cell mode to 0.1 V less that the full cell open circuit voltage (1.05 V), i.e., at 

a cell voltage of ca. 0.95 V (Figure 5.7b), Rp decreased from 0.97 Ω cm2 in H2 to 0.90 Ω cm2 in 

the presence of H2S. However, when the anode was polarized at 0.3 V (ca. 0.75 V cell voltage), 

Rp decreased from 0.80 to 0.72 Ω cm2 (Figure 5.7c). This indicates that the enhancement of the 

performance of LCFCr in H2 in the presence of H2S improves further under bias, at least at      

800 oC.  It can be seen from the Nyquist plots (Figure 5.7) that the addition of H2S affects only 

the low frequency arc (R2CPE2), which as discussed earlier (Figure 5.2), is associated with the 

processes occurring at the LCFCr electrode exposed to the fuel (H2). 

 



 

98 

 

 
 

Figure 5.7 OCP and polarized EIS response for symmetrical, 2-electrode full cell, based on 

LCFCr electrodes at 800 oC, with humidified 30% H2/N2 (with or without 9 ppm H2S) fed 

to the fuel electrode and air fed to the oxygen electrode, showing the Nyquist plots acquired 

at (a) the OCP, (b) at 0.1 V less than the cell voltage at open circuit, and (c) at 0.3 V less 

than the cell voltage at open circuit.  

 

Figure 5.8 shows the temperature dependence of the polarization resistance (Rp) of the 

same type of symmetrical cells, fed with humidified 30% H2/N2 and with the addition or removal 

of 9 ppm H2S at the fuel electrode (anode) and air fed to the oxygen electrode, from 800 to 650 

oC. Rp was again obtained by fitting the Nyquist plots to the Rs(R1CPE1)(R2CPE2) equivalent 

circuit (Figure 5.1c). Figures 5.8a and 5.8b clearly show that exposure of LCFCr to low ppm H2S 

at 800 and 750 oC leads to activation towards the hydrogen oxidation reaction (HOR), contrary to 
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what was seen for Ni-YSZ anodes in Chapter 4, where anode poisoning was seen under the same 

conditions. However, Figures 5.8c and 5.8d show that the Rp values of the cell, exposed to H2S 

under both OCP and polarized conditions at 700 and 650 oC, respectively, increase, indicating a 

decrease in the HOR rate at these temperatures, again opposite to what was seen for Ni-YSZ 

under analogous conditions (Figure 4.1). 

 
Figure 5.8 OCP and polarized EIS data obtained from symmetrical full cell based on two 

LCFCr electrodes at 800-650 oC, with wet 30% H2/N2, with or without 9 ppm H2S, fed to 

the fuel electrode and air fed to the oxygen electrode, showing the Rp vs E plots at (a) 800 
oC, (b) 750 oC, (c) 700 oC, and (d) 650 oC. 
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To better display the extent of activation and deactivation under OCP and polarized EIS 

conditions, the % Rp change was calculated, based on the Rp data in Figure 5.8 and using 

Equation 5.1. 

2 2

2

( ) ( )
% x 100 (5.1)

( )

Rp H Rp H S
Rp change

Rp H

 
  
 

 

where Rp(H2) is the Rp before the addition of H2S and Rp(H2S) is the Rp after the addition of 

H2S. Figure 5.9a shows that Rp decreased by 4% under OCP conditions and by 7% and 11% in 

the presence of H2S at 800 oC when the cell was polarized at 0.1 and 0.3 V less than the full cell 

open circuit voltage, respectively. At 750 oC, Rp decreased by 5% at both 0.1 and 0.3 V vs. OCP 

conditions, while at 700 oC, Rp increased from about 5% under OCP conditions to 15% at 0.3 V 

vs. the OCP. The deactivation is more clearly seen at 650 oC under both OCP and polarized 

conditions, with Rp increasing by 15% at the OCP, while at 0.1 and 0.3 V polarization, Rp 

increased by 25 and 40%, respectively.  

 

Figure 5.9 EIS response from symmetrical full cells based on LCFCr electrodes at 800-650 
oC, with wet 30% H2/N2, with or without 9 ppm H2S, fed to the fuel electrode and air fed to 

the oxygen electrode, showing (a) the % Rp change at the OCP, 0.1 V, and 0.3 V vs. the 

OCP, and (b) Rp at 0.3 V vs. the OCP. Negative %Rp values represent LCFCr activation, 

while positive values show deactivation.  
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It is also important to note that the activation and deactivation behaviour observed for the 

LCFCr-based cell from 800 to 650 oC is completely reversible, as shown in Figure 5.9b. At 800 

and 750 oC, while performance activation is observed in the presence of H2S, removal of H2S 

leads to the complete recovery of Rp. Also, the deactivation observed at 700 and 650 oC is 

equally reversible, where the increase in Rp seen at these temperatures recovers to its original 

value when H2S is removed from the H2 gas stream. 

To further study the performance of the LCFCr electrode towards H2 oxidation in the 

presence or absence of 9 ppm H2S in wet 30% H2/N2, potentiostatic studies were carried out at 

0.3 V less than the full cell OCP (i.e., at a 0.75 V cell voltage) at 800 oC.  Figure 5.10a shows the 

i-t plot, with or without H2S addition. As can be seen, upon the addition of 9 ppm H2S to the H2 

fuel at 9 h, the current density increased from 145 mA/cm2 to 155 mA/cm2, giving a 4.3% 

improvement in current density. After 2 h of removal of H2S from the H2/H2O stream, the current 

density decreased to 145 mA/cm2, identical to the value observed before H2S exposure.  

It can also be seen in Figure 5.10a that the activation behaviour of LCFCr electrodes in 

the presence of low ppm H2S is very reproducible. For example, exposure of the cell to 

humdified H2/N2 containing 9 ppm H2S for 4 h under OCP conditions and then re-running the 

potentiostatic study gave a curent density of ca. 155 mA/cm2, while removal of the H2S led to a 

decrease in the current density, similar to what was observed in the first run. This shows that the 

enhancement is observed only in the presence of H2S and that the cell fully recovers in the 

absence of H2S, suggesting that no bulk sulfide phase forms but rather that only some type of 

surface species is generated.  
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Figure 5.10 Short term study of symmetrical full cells based on two LCFCr electrodes at 

800 oC, with wet 30% H2/N2, with or without 9 ppm H2S, fed to the fuel electrode and air 

fed to the oxygen electrode, at a constant cell voltage of 0.3 V less than the cell OCP, 

showing (a) the current versus time (i-t) plot and the corresponding (b) Nyquist and (c) 

Bode plots. 

 

Polarized impedance measurements were carried out at various times in the presence or 

absence of H2S in this potentiostatic study in wet 30% H2/N2, with Figures 5.10b and 5.10c 

showing the Nyquist and Bode plots, respectively. From the polarized (0.3 V vs. OCP) 

impedance data, the high frequency arc, which is dominated by the cathode process, only 

changed slightly, while the low frequency arc changed more noticeably during the addition and 

removal of H2S at 800 oC, as anticipated. By fitting the Nyquist plots (Figure 5.10c) to the 

equivalent circuit in Figure 5.1c, the high frequency resistance (R1) increased from 0.25 to 0.28 
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Ω cm2 (ca. 10%), indicating a slight degradation of the oxygen electrode, after 36 h of testing. 

However, the low frequency resistance (R2) increased from 0.46 to 0.55 Ω cm2 (by ca. 25%) 

after 36 h of the potentiostatic study, with or without the addition of 9 ppm H2S to the H2 gas 

stream.  

 

The i-t response of the full cell was also examined at 600 oC at 0.3 V polarization from 

the full cell OCP (i.e., at a cell voltage of 0.81 V) with the repeated addition and removal of 9 

ppm H2S (Figure 5.11). The addition of H2S leads to a rapid decrease in the current density. 

However, the cell completely recovers with the removal of the H2S from the H2/N2 gas stream.  

 
Figure 5.11   i-t response of a symmetrical full cell, based on two LCFCr electrodes at 600 
oC with wet 30% H2/N2, with or without 9 ppm H2S, fed to the fuel electrode and air fed to 

the oxygen electrode, at a constant cell voltage of 0.3 V less than the cell OCP. 

 

Overall, the results presented in Section 5.2.4 have shown that exposure of the LCFCr 

fuel electrode (in a symmetrical full cell configuration) to wet H2/N2 + 9 ppm H2S leads to an 

enhancement (activation) of the hydrogen oxidation reaction at > 700 oC, while at ≤ 700 oC, the 

cell deactivated in the presence of H2S. Also, both the impedance and potentiostatic results have 



 

104 

shown that the cells quickly and completely recover after either the activation or deactivation 

process when H2S is removed from the H2 gas stream.  

 

5.2.5 Symmetrical half cell studies of LCFCr in the presence or absence of H2S in wet H2/N2 

To confirm that the activation and deactivation behaviour of LCFCr in ppm levels of H2S 

is not seen only in a symmetrical fuel cell study, half cell studies were also carried out. Figure 

5.12 shows the Nyquist plots under OCP conditions for a 2-electrode half cell containing only 

the two LCFCr electrodes, with both electrodes exposed to wet 50% H2/N2 in the presence or 

absence of 10 ppm H2S from 600 to 800 oC.  

It is seen in Fig. 5.12 that the addition of H2S at 800 and 750 oC again leads to activation 

of the half cell, which equates to a decrease in the total Rp (both electrodes). At below 750 oC, 

adding H2S caused the Rp to increase, thus deactivating the cell (Figure 5.12b), similar to what 

was seen in the 2-electrode full cell studies described in Section 5.2.4. Table 5.2 shows the 

resistances obtained by fitting the data in Figure 5.12 to the Rs(R1/CPE1) (R2/CPE2) equivalent 

circuit (Figure 5.1c), with both the high (R1) and low frequency (R2) resistances increasing with 

temperature. Based largely on the MIEC oxide literature 224, 225, R1 is attributed to the oxide ion 

charge transfer process at the electrode/electrolyte interface, while R2 is related to the H2 

adsorption/desorption and electron transfer reactions.  
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Figure 5.12 OCP EIS response for symmetrical half cell based on LCFCr electrodes at 800-

600 oC in wet 50% H2/N2, with or without 10 ppm H2S, at (a) 800 oC, (b) 750 oC, (c) 700 oC 

(d) 650 oC, and (e) 600 oC. 

 



 

106 

In the previous full cell study, discussed in Section 5.2.1, the high frequency arc was 

shown to be due to the oxygen processes occurring at the air cathode and thus it would have 

overlapped with the high frequency arc seen in Figure 5.12. In this half cell study, it can be seen 

that R1 (part of the fuel reactions) is smaller than the low frequency resistance (R2), which is 

related to the surface processes associated with the hydrogen oxidation (HOR)/hydrogen 

evolution (HER) reaction. 

From Table 5.2, it is seen that R1 does not change at any temperature with the addition of 

H2S, consistent with it being due to an underlying interface, whereas R2 does. At 800 and 750 

oC, where performance activation is observed in 10 ppm H2S, R2 decreased slightly from 1.1 to 

1.0 Ω cm2 (ca. 10%) at 800 oC and from 1.9 to 1.8 Ω cm2 at 750 oC with the addition of H2S to 

the H2 stream. At 700, 650, and 600 oC, R2 increased with the addition of H2S. The largest Rp 

change is observed at 600 oC, where it increased from 17 Ω cm2 in the absence of H2S to 21 Ω 

cm2 with the addition of H2S, giving a 19% change in Rp.  

Direct comparison of the %Rp values between the half (Figure 5.12, Table 5.2) and full 

cell (Figure 5.9) results cannot be made because of the different experiment conditions employed 

in these two experiments. In the full cell study, 30% humidified H2/N2 + 9 ppm H2S was used, 

compared to 50% humidified H2/N2 + 10 ppm H2S in the half cell study. However, qualitatively, 

in both cases, the presence of low ppm H2S enhances the performance of the HOR/HER at 

LCFCr at > 750 oC, while at < 750 oC, a drop in performance is observed.  
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Table 5.2 Resistance values* obtained by fitting the impedance data in Figure 5. 12** to the 

Rs(R1CPE1)(R2CPE2) equivalent circuit model (Figure 5.1c) 

  T (oC) Atmosphere 
 Rs  

(Ω cm2)  

R1 

 (Ω cm2)  

R2 

(Ω cm2)  

Rp# 

(Ω cm2)  
% Rp change##  

800 

H2 0.90 0.11 1.1 1.2 

-8.3 

H2+ 10 ppm H2S 0.89 0.11 1.0 1.1 

750 

H2 1.3 0.20 1.9 2.1 

-4.8 

H2+ 10 ppm H2S 1.3 0.20 1.8 2.0 

700 

H2 2.1 0.39 3.5 3.9 

+7.1 

H2+ 10 ppm H2S 2.1 0.39 3.8 4.2 

650 

H2 3.4 0.73 7.8 8.6 

+14 

H2+ 10 ppm H2S 3.6 0.75 9.3 10 

600 

H2 6.6 1.6 15 17 

+19 

H2+ 10 ppm H2S 6.4 1.5 19 21 

 

* R1 and R2 obtained from the high (ca. 100 Hz) and low (ca. 1 Hz) frequency arcs, respectively.  

** Symmetrical half cell based on LCFCr electrodes, operated at 800-600 oC, in wet 50% H2/N2, 

w/wo H2S present.   

# Rp = R1 + R2. Rp values may not add up due to internal rounding. 

## %Rp change calculated using Equation 5.1. Negative and positive %Rp values indicate 

activation and deactivation of the cell, respectively. 

  

 

Figure 5.13 shows the Arrhenius plots of the resistances shown in Table 5.2. The 

calculated activation energies for the high frequency resistance (R1) (Figure 5.13a), low 

frequency resistance (R2) (Figure 5.13b), and the polarization resistance (Rp) (Figure 5.13c) are 

shown in Table 5.3. It is seen that the activation energy related to R1 (Ea (R1)) does not change 

with the addition of H2S to the H2 gas stream and is 102 kJ/mol and 101 kJ/mol in the absence 

and presence of 9 ppm H2S in the H2 stream, respectively. This shows that the presence of H2S 
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does not affect the slowest step associated with the oxide ion charge transfer process at the 

electrode/electrolyte interface, which is not surprising, considering that this a buried interface. 

Also, this further confirms the assignment of the high frequency arc to process occurring at the 

electrode/electrolyte interface55.  

The low frequency resistance activation energy (Ea (R2)) for the LCFCr electrode in the 

absence of H2S is 105 kJ/mol, whereas in the presence of H2S, a higher activation energy of 116 

kJ/mol is observed. As discussed earlier, the low frequency resistance (R2) is due to surface 

processes, such as H2 adsorption, dissociation, and charge transfer at the gas/electrode interface. 

Thus, the addition of H2S is expected to alter one or more of these steps. It is possible that, at 

below 750 oC when deactivation is seen, H2S simply blocks some of the active sites required for 

the HOR, which would not change the Ea value. Finally, as seen in Table 5.3, the value obtained 

for Ea (Rp) is similar to the Ea (R2) value, because the contribution of R2 to Rp is dominant. 
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Figure 5.13 Arrhenius plots for the EIS-obtained R values for a symmetrical half cell based 

on two LCFCr electrodes at 800-600 oC in wet 50% H2/N2, with or without 10 ppm H2S. (a) 

high frequency resistance R1, (b) low frequency resistance R2, and (c) polarization 

resistance Rp. 
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Table 5.3 Calculated activation energies obtained from Figure 5.13 

Atmosphere 
Activation energy (kJ/mol) 

R1* R2* Rp# 

50% H2 /N2 102 105 105 

50% H2/N2 + 9 ppm H2S 101 116 115 

 

* R1 and R2 obtained from the high (ca. 100 Hz) and low (ca. 1 Hz) frequency arcs, respectively.  

 

The i-t plots for the symmetrical LSFCr half cell are shown in Figure 5.14 for 

temperatures between 600 to 850 oC. Figure 5.14 shows that, when a 0.3-1 V bias (the potential 

difference between the working (WE) and the counter (CE) electrodes) is applied in the half cell 

at 750-850 oC, the current density increases when H2S is added. Similar to what was seen from 

the impedance data (Figure 5.12), at below 750 oC, deactivation of the cell is observed (decrease 

in current density) with the addition of H2S.  

Again, as was also seen in the full cell study (Section 5.2.4), the activation or 

deactivation observed in the presence of H2S is fully recoverable when H2S is removed from the 

gas stream. Figure 5.14c shows the percent current density change at each temperature, 

calculated from Figures 5.14a and 5.14b. The enhancement in the % current density decreases 

slightly with decreasing temperature. Thus, at 850 oC, the % i gain is 2%, while it is only 1% at 

750 oC. Figure 5.14c shows that, at < 750 oC, a significant % i loss is observed, with the current 

density decreasing by 5% and 32% at 700 oC and 600 oC, respectively.  

The effect of the magnitude of the applied bias between the WE and CE on the activation 

behavior (at 800 oC) is shown in Figure 5.14d. As the potential difference between the WE and 

CE was increased from 0.3 V to 1 V, the percent current change increased from 0.5% to 2.5%. 

This shows that the activation of LCFCr in the presence of H2S is being influenced by the 
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applied potential, whereas for the Ni-YSZ anode discussed in Chapter 4, there was no clear trend 

in the percent current change with H2S exposure at varying applied anodic overpotentials.  

 
Figure 5.14 Short term potentiostatic study of a symmetrical half cell involving two LCFCr 

electrodes in humidified 50% H2/N2, with 10 ppm H2S exposure and removal, at 0.3-1.0 V 

cell bias at (a) 850-800 oC, (b) 750-600 oC, (c) % current density change vs. temperature at 

0.3 V from 850-600 oC, and (d) % current density change vs. applied potential at 800 oC. 

 

A possible explanation for the LCFCr behavior, which is a mixed ionic and electronic 

conductor, is that the applied overpotential changes the LCFCr surface properties through an 

increase or decrease in the concentration of oxygen vacancies (i.e., a change in the oxidation 

states of surface Fe and Cr ions). For example, it has been reported that the surface concentration 
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of Ce3+/Ce4+ on a doped ceria electrode influences the rate of the hydrogen oxidation/steam 

reduction reactions226.  

 

5.2.6 Understanding LCFCr activation and deactivation in H2S/H2 environments 

To attempt to understand the interesting effect of H2S on the performance of the LCFCr 

fuel electrode, an electron microprobe wavelength-dispersive X-ray spectroscopy (WDX) 

elemental map was collected from a symmetrical full cell (Section 5.2.4). This experiment was 

carried out on a cell that had been electrochemically tested for several days in humidified 30% 

H2/N2, with or without the addition of 9 ppm H2S, in the temperature range of 600-800 oC and 

then slowly cooled to 30 oC in humidified 30% H2/N2 containing 9 ppm H2S. Figure 5.15 shows 

the backscattered electron (BSE) image of the cell and the WDX maps of Ce, La, Ca, Fe, Cr, and 

S. It can be seen from Figure 5.15 that La, Ca, Fe, and Cr are distributed evenly throughout the 

electrode, with sulfur seen only in the LCFCr phase, and with no sulfur observed in the ceria 

buffer layer or in the Au current collector. This shows that H2S adsorbs or reacts with the LCFCr 

material in some way, affecting the HOR in different ways at various temperatures, as was 

discussed above. 

X-ray photoelectron spectroscopy (XPS) was also used to further understand the 

activation behaviour seen at 800 oC and the deactivation at 600 oC when LCFCr was exposed to 

10 ppm H2S in humidified H2. These experiments were carried out on a thin film (150 µm thick) 

of LCFCr, spin-coated onto a YSZ substrate to facilitate the XPS analysis, thus eliminating the 

effect of surface porosity and roughness effects.  
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Figure 5.15 Electron microprobe WDX elemental mapping of the polished cross-section of 

a LCFCr fuel electrode, slowly cooled in humidified 30% H2/N2 containing 9 ppm H2S to 30 
oC, after several days of electrochemical testing of the cell, in the temperature range of 600-

800 oC.   

 

Figure 5.16 shows the XPS spectra for samples ramped in humidified 30% H2/N2 from 30 

to 800 oC, with a 2 h holding time at 800 oC, in either humidified 30% H2/N2 or humidified 30% 

H2/N2 + 9 ppm H2S. After 2 h of exposure time, the samples were quenched by sliding them out 

from the hot zone of a tube furnace (800 oC) to the edge of the quartz tube, which had a 

temperature of ca. 150 oC. Also, for comparison, other samples were cooled in the same gas 

atmosphere to room temperature instead of being quenched at 800 oC.   
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Figure 5.16 XPS spectra of LCFCr thin film samples exposed to humidified 30% H2/N2, 

with or without 10 ppm H2S addition, at 800 oC for 2 h, showing the peaks for (a) La, (b) 

Ca, (c) Fe, and (d) Cr. All samples were quenched at 800 oC instead of cooling slowly to 30 
oC. 

 

The XPS spectra in Figure 5.16 show that, with the addition of H2S at 800 oC, the peak 

intensity of La, Ca and Fe increases, whereas the Cr peak did not change. This suggests that H2S 

may influence the amount of La, Ca and Fe at the perovskite surface (ca. 4-6 nm). It has been 

reported that Fe sites are more favourable for S adsorption than are Cr sites227, 228, so this could 

explain why the Cr peaks of the LCFCr thin film sample remained the same in the presence or 

absence of H2S. No S peak was detected on any of the quenched samples studied here. 
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Therefore, in subsequent experiments, the samples were cooled in the same gas environment to 

room temperature and the holding time at 800 oC or 600 oC was increased from 2 h to 5 h.  

The XPS analysis of the cooled samples is shown in Figure 5.17. Figure 5.17a shows the 

Fe2p spectra for LCFCr-thin film samples exposed to humidified 30% H2/N2 in the presence or 

absence of H2S from 30 oC to 600 oC, with a holding time of 5 h at 600 oC, and then cooled to 

room temperature in the same gas atmosphere. From Figure 5.17, the addition of H2S leads to a 

higher Fe2p peak intensity at 600 oC, which is the same trend observed for the quenched sample 

at 800 oC (Figure 5.16c).  

 
 

Figure 5.17 XPS spectra of LCFCr thin film samples exposed to humidified 30% H2/N2, 

showing the peaks for (a) Fe at 600 oC, with or without H2S addition for 5 h, and (b) a 

comparison plot of the Fe peaks at 600 oC and 800 oC. All samples were slowly cooled from 

either 600 oC or 800 oC to 30 oC in humidified 30% H2/N2 containing 10 ppm H2S. 

 

Figure 5.17b shows a comparison of the Fe peaks obtained for samples exposed to 

humidified 30% H2/N2 plus 10 ppm H2S at 600 and 800 oC. The Fe peaks at 800 oC are shifted 

by about 2.5 eV to a higher binding energy and the peak intensity is higher when compared to 
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the peaks at 600 oC. This is because, at higher temperatures (800 oC), the surface and sub-surface 

composition of the LCFCr could be different than at lower temperatures. 

Figure 5.18 shows the S2p XPS spectra for the LCFCr-thin film samples, ramped from 

either 30 oC to 600 oC (Figure 5.18a) or 800 oC (Figure 5.18b) in either humidified 30% H2/N2 or 

30% H2/N2 + 10 ppm H2S, with a 5 h hold at the testing temperature before cooling down to 30 

oC in the same gas atmosphere. As expected, no sulfur peak was detected on the samples that 

were not exposed to H2S at either 600 or 800 oC (Figure 5.18), while the samples exposed to 

humidified 30% H2/N2 + 10 ppm H2S showed S2p peak. Based on the deconvolution of the S2p 

in Chapter 4 (Figure 4.9), the detected sulfur (S2p) here is in the form of a sulfate (169-172 eV), 

with no sulfide peak (162-163 eV) detected on the surface of the LCFCr sample. Unlike the 

quenched samples (Figure 5.16), these samples showed the presence of a sulfur peak for the 

samples treated at 600 oC (Figure 5.18a) and 800 oC (Figure 5.18b), indicating that H2S probably 

interacts with the LCFCr material under these conditions.  

 
 

Figure 5.18 XPS spectra of LCFCr thin film samples exposed to humidified 50% H2/N2, 

with or without H2S addition, at 800 and 600 oC for 5 h, showing the S2p peak after 

exposure at (a) 600 oC and (b) 800 oC. 
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Furthermore, to determine whether any sulfur adsorbed on the LCFCr material after 

exposure to H2S can be completely removed, XPS analysis was carried out on samples ramped to 

600 oC or 800 oC, held for 5 h in humidified 30% H2/N2 + 10 ppm H2S and then cooled to 30 oC 

in humidified 30% H2/N2.). and samples that were cooled down in humidified 30% H2/N2.  

When the samples were cooled down to 30 oC in H2 after 5 h of H2S exposure at either 

600 oC or 800 oC, no S2p peak was detected. This shows the complete removal of any form of 

sulfur species on the LCFCr surface, suggesting that no bulk sulfide species were formed, as 

these would be harder or slower to remove. This agrees with the electrochemical data (Figures 

5.9 and 5.14), where complete recovery of the performance of the LCFCr cell was quickly 

observed after removal of H2S from the humidified H2/N2 gas stream.  

A density functional theory (DFT) study by Walker et al. 227, focused on the effect of H2S 

on Sr2Fe1.5Mo0.5O6-δ (SFMO) anodes, showed that at low temperatures (ca. 600 oC), Fe-O-Fe 

terminated surfaces are prone to conversion to Fe-S-Fe (Reaction 5.2) in low ppm H2S 

environments (< 20 ppm). At high temperatures (ca. 800 oC), higher ppm H2S contents (80-100 

ppm) are required to promote Reaction 5.2. Here, it is suggested that, since only 10 ppm H2S was 

used, more surface Fe-O-Fe terminated groups on LCFCr could be converted to Fe-S-Fe at ≤ 700 

oC than at > 700 oC, thereby decreasing the number of active sites available for the hydrogen 

oxidation reaction (HOR, (Reaction 5.3)) and leading to activity deactivation, 

2 2 (5.2)Fe O Fe H S Fe S Fe H O        

2 2 (5.3)oFe O Fe H Fe V Fe H O••        

where Vo˙˙ is an oxygen vacancy in the LCFCr surface.  

It has also been reported that, at low temperatures, FeO2-terminated surfaces are prone to 

sulfur poisoning, hindering surface oxygen vacancy formation, which is required for the HOR 
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227. However, it has been shown that the Fe-S-Fe species can be converted back to Fe- Vo˙˙-Fe 

(Reaction 5.4) in the presence of a H2 gas stream. Therefore, the complete recovery of the 

electrochemical performance of the cell after deactivation at ≤ 700 oC in the presence of H2S 

could be because Reaction 5.4 occurs when H2S is removed from the H2 gas stream. 

2 2 (5.4)oFe S Fe H Fe V Fe H S••        

Overall, it is proposed here that, since Cr sites are not very favourable for S adsorption 

227, 228, the Fe-sites, which are favourable for S adsorption 227, 228 and also active for the hydrogen 

oxidation reaction, could be responsible for the electrochemical activation seen at > 700 oC or the 

deactivation observed at ≤ 700 oC. Based on these preliminary XPS data, there are probably 

more terminated Fe-O-Fe species at the surface of LCFCr in the presence of H2S at 800 oC, 

which have not been converted to Fe-S-Fe, compared to at 600 oC, providing more active sites 

for the HOR (Reaction 5.3) at 800 oC.  

 

5.3 Summary 

This chapter is focussed on determining the activity of several mixed conducting 

perovskite oxides, particularly La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) and La0.3Ca0.7Fe0.7Cr0.3O3-δ 

(LCFCr) 46, 57 in half cell and full cell configurations in humidified H2 environments, with and 

without ppm levels of H2S, all at 600-800 oC. It was found that LCFCr is the more active fuel 

electrode catalyst, consistent with parallel work showing that LCFCr is also the better air cathode 

material 55 and thus the majority of this chapter was focussed on the effect of H2S on the LCFCr 

fuel electrode.  

It was demonstrated by X-ray diffraction that LCFCr, exposed to 30 ppm H2S/N2 at 800 

oC for 24 h, did not show the formation of any secondary phases, indicating that the LCFCr 
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material is structurally stable in low ppm H2S environments. In a symmetrical full cell study, 

both the OCP and polarized impedance data showed that, at > 700 oC, the addition of 9 ppm H2S 

to the cell led to an enhancement (activation) of the hydrogen oxidation reaction (HOR), while at 

≤ 700 oC, the cell deactivated in the presence of H2S. In either of these modes, the cell was 

quickly and fully recovered when H2S was removed. In the two electrode half cell studies, the 

cell was fed with humidified 50% H2/N2, with or without 10 ppm H2S, again showing the same 

trends with H2S exposure. For example, at 800 oC, the addition of 10 ppm H2S to the half cell led 

to a 8% decrease in the polarization resistance (Rp), while at 600 oC, Rp increased by 19%.  

To better understand the interactions of LCFCr with H2S, elemental mapping using 

electron probe analysis as well as X-ray photoelectron spectroscopy were used. The electron 

probe analysis showed that sulfur was detected only on the LCFCr phase, with no sulfur 

observed in the ceria buffer layer or the Au current collector. The XPS analysis showed that that 

H2S exposure led to an increase in the density of surface FeO2 terminated species, required for 

the hydrogen oxidation reaction (HOR), relative to the case at 600 oC, also supported by a 

density functional theory (DFT) calculation reported in literature for Sr2Fe1.5Mo0.5O6-δ (SFMO) 

anodes 227. The deactivation of LCFCr at  ≤ 700 oC could be due to the interaction of H2S with 

surface FeO2-terminated species, forming surface Fe-S-Fe species, thereby reducing the number 

of active sites available for the HOR227. 
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Chapter Six: Stability and electrochemical performance of La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) 

reversible SOFC electrodes in dry CO2/CO environments  

This Chapter contains some data from a  published paper (P. K. Addo, B. Molero-Sanchez, M. 

Chen, S. Paulson and V. Birss, CO/CO2 study of high performance La0.3Sr0.7Fe0.7Cr0.3O3 -δ -

reversible SOFC electrodes, Fuel Cells, 2015. 15(5): p. 689-696)  

  

6.1 Introduction 

As discussed in Chapter 1, the concept of carbon capture and utilization (CCU) is gaining 

worldwide attention as one of the approaches to mitigating climate change9. In CCU, waste CO2 

is used as a feedstock for both chemical and fuel production9. Therefore, there is great interest in 

the development of solid oxide electrolysis cells (SOECs) that can reduce CO2 to CO, or 

CO2/steam to CO/H2 (syngas) at the cathode, while releasing pure oxygen at the anode.  In the 

reverse mode, oxygen and fuel (e.g., CO/H2) react at each electrode, generating electricity and 

heat in a solid oxide fuel cell (SOFC). Reversible solid oxide fuel cells (RSOFCs) are devices 

that can be operated in both the SOEC and SOFC modes, all at high temperatures (600-950 oC). 

The present study, with its focus on CO2/CO reactions at La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca, 

(LMFCr)) electrodes, thus has direct relevance to the development of RSOFCs.  

The use of solid oxide cells (SOCs) for CO2 electrolysis was first demonstrated by NASA 

in their Mars missions, where a symmetrical cell, based on Pt or Pt/YSZ (yttria-stabilized 

zirconia) electrodes, was used to convert CO2 to CO at the cathode (fuel electrode) and O2 at the 

anode (oxygen electrode)19-22. As discussed in Chapter 2, most of the SOECs used for CO2 

electrolysis reported in the literature have been based on a Ni-YSZ composite fuel electrode, a 

YSZ electrolyte, and a lanthanum strontium manganite (LSM) oxygen electrode. Ni-YSZ fuel 

electrodes have shown good electrochemical performance for CO2 reduction, although there are 
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some concerns related to their stability due to Ni oxidation and coke formation in pure CO2 and 

CO2/CO atmospheres.  

Due to these stability issues associated with Ni-YSZ, research has increasingly focused 

on the development of new materials for CO2/CO interconversion. Examples of electrodes used 

for this purpose include perovskites, such as La1-XSrxCr1-yMnyO3-δ (LSCM)96, 100, 102-104. A 

perovskite-based fuel electrode, such as LSCM-GdxCe1-xO2-δ, has shown Rp values of only ca. 

1.0 Ω cm2 at 850 oC in 90% CO2:10% CO102, 103. Also, LSCM infiltrated into a YSZ scaffold 

together with 0.5 wt. % Pd supported on 5 wt. % Ce0.48Zr0.48Y0.04O2 and operated on 90% 

CO2:10% CO at 800 oC, showed cathodic currents as large as 1.8 A/cm2 during CO2 reduction at 

an applied cell voltage of 1.4 V27.  

 Another promising family of perovskites, which has been used mainly as SOFC fuel 

anodes, is the ferrite analogue of LSCM, La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr). As discussed in 

Chapter 5 and also reported by others, LSFCr is a very active anode for the oxidation of H2 and 

CO46, 114, 116, 118, 119, 229, 230. However, there are only a few published studies in which LSFCr has 

been employed specifically for the electrolysis of CO2. For example, in a study by Bierschenk et 

al.115 involving the operation of LSFCr in a H2/CO atmosphere, the focus was on SOFC 

operation only, not on CO2 electrolysis. Therefore, the present work is unique in terms of its 

focus on the performance of LSFCr in both the SOFC and SOEC modes in CO/CO2 

atmospheres.  

It has been reported previously that LSFCr is structurally stable down to a pO2 of 10-21 

atm, below which it decomposes to secondary phases46, 119, 229. An extensive study by Chen et al. 

showed that the partial substitution of Cr into the B site of La0.3Sr0.7FeO3-δ (LSF) improved the 

structural stability of the material in reducing atmospheres (pO2 10-21 atm) 46. However, the 
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authors showed that long time exposure of LSFCr to a dry 10% H2/N2 atmosphere at 800 oC led 

to the formation of a LaSrFeO4-based phase (K2NiF4-like Ruddlesden-Popper phase) and α-Fe. 

Also, an in situ neutron diffraction study by Haag et al. showed that, at 800 oC and a pO2 of 10-21 

atm, LSFCr decomposes to LaCrO3, a spinel phase, and α-Fe 229.  

Although Haag et al. 229 used gas mixtures of air, Ar, CO2, 1% CO/Ar, and CO to obtain 

the required pO2 during their neutron diffraction experiments, to the best of our knowledge, there 

has been no detailed study carried out regarding the stability of LSFCr perovskites in pure, dry 

CO2 (pO2 ~10-7 atm at 800 oC), CO2/CO mixtures (pO2 of 10-18-10-19 atm at 800 oC) and CO (pO2 

> 10-23 atm at 800 oC) environments. Therefore, to use this Sr-rich perovskite-based material as 

an electrode for CO2/CO reactions, it is critical to determine its stability in these atmospheres, 

especially in high pCO2 from 30-800 oC to determine if any secondary phases are formed. This is 

because other types of perovskites, with alkaline earth metals (such as Sr, Ba) doped into the A-

site, have been shown to form carbonate species in pure CO2 atmosphere. For example, it has 

been reported that exposure of Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)231 and La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF)232 to CO2 led to the formation of carbonate species, which negatively affected the 

electrochemical performance of the electrode.  

Therefore, the first part of this chapter reports, for the first time, a detailed study of the 

chemical stability of LSFCr when exposed to a range of different CO2/CO environments with a 

pO2 ranging from 10-7-10-23 atm. It is shown that, in 20-100% CO2 (pO2 ~10-7 atm) from 30-800 

oC, LSFCr remained structurally stable with no formation of bulk SrCO3, while exposure of 

LSFCr to 70% CO2:30% CO (pO2 ~10-19 atm) at 800 oC showed the formation of minor 

impurities. The second part of this chapter investigates the electrochemical performance of a 

symmetrical 2-electrode full cell, involving LSFCr as both the oxygen and fuel electrodes and 



 

123 

operated on CO2/CO gas mixtures fed to the fuel electrode and air exposure of the oxygen 

electrode. Specifically, it shown that the LSFCr-based RSOFC, evaluated at 600-850 oC, exhibits 

a very good electrochemical performance during both the reduction of CO2 (SOEC mode) and 

oxidation of CO (SOFC mode) at the fuel electrode.  

 

6.2 Results and Discussion 

6.2.1 Chemical stability of LSFCr in pure CO2 and CO2/CO atmospheres 

The stability of the La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) powder at 30-900 oC in dry 20-100% 

CO2 (balance N2 or He, pO2 of 10-5 to 10-7 atm at 800 oC), 90-70% CO2:10-30% CO (pO2 of 10-18 

to 10-19 atm at 800 oC), and 10-30% CO:90-70% N2 (pO2 ≥ 10-23
 atm at 800 oC)) atmospheres 

was investigated in this work. The pO2 values for the CO/CO2 mixtures were calculated using 

Equations 6.1220 and 6.2233.   
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282.5 0.0866 (6.2)oG T     

where ∆Go is the Gibbs free energy, R is the gas constant (8.314 J/mol.K), and T is temperature. 

The pO2 of dry 20-100% CO2 (balance N2 or He) at ca. 800 oC was calculated by assuming that 

the CO2 gas steam (balance N2) contained a very small amount of CO (0.01%), while for 10-30% 

CO (balance N2), it was assumed that the CO gas stream contained a very small amount of CO2 

(0.01%). These theoretical pO2 values were found to be in good agreement with the experimental 

values, obtained from the open circuit potentials (OCPs) of full cells in which CO2 or CO2/CO 

was fed to the fuel electrode and air to the oxygen electrode and then using Equation 6.3220, the 

pO2 at the anode (fuel electrode) was determined. .  
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where pO2(cathode) is the pO2 (0.21 atm for air) at the cathode under OCP conditions and pO2(anode)  

is the pO2 at the anode. 

The chemical stability study discussed here is based on results obtained from X-ray 

diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis 

(TGA), scanning electron microscopy (SEM), high resolution transmission electron microscopy 

(HRTEM), and energy dispersive X-ray spectroscopy (EDS).  

 

6.2.1.1 Chemical stability of LSFCr in variable but dry pCO2 (balance N2  or He) 

Figure 6.1 shows the XRD patterns for the as-prepared LSFCr powder and after exposure 

of the powder to dry CO2 from 30 oC to 800 oC and then holding at 800 oC for 24 h before 

cooling to room temperature. It is seen that the powder remains as a single phase (perovskite) in 

the CO2 atmosphere for long exposure times. No peaks associated with the formation of any 

secondary phases, such as SrO or SrCO3, are observed.  
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Figure 6.1 Ex situ XRD patterns showing the chemical stability of the LSFCr powder (i) as-

prepared and (ii) after exposure to dry 100% CO2 atmosphere with a 24 h dwell time at 

800 oC. Sample (ii) was heated and cooled at a ramp rate of 5 oC/min in a 100% CO2 

atmosphere. The symbol used to identify the LSFCr perovskite peaks is (#). 

 

         This is very promising because some studies of other perovskites, such as (LaSr)(CoFe)O3-δ 

with high Sr contents, used as oxygen separation membranes, showed the formation of SrCO3 

after long exposures to CO2 
234. However, other oxygen membrane studies have shown that, even 

though CO2 readily adsorbs onto the surface of (LaSr)(CoFe)O3-δ, it does not react and the 

adsorbed CO2 can be desorbed by changing the sweeping gas. In other work, Benson et al.235, 

have shown that CO2 enhances the surface exchange coefficient of O2 at La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF).  

Based on Lewis acid-base theory, the interaction between CO2, which serves as the acid, 

and the perovskite as a base, can be established236. Therefore, the acidity of the doping cations 

would be a good indicator of the CO2 tolerance of a perovskite236. It is known that metal oxides 

with a higher acidity have a lower tendency to interact with CO2 237. Acidity trends of some 
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doping cations of perovskites have been reported in the literature237, showing the following 

sequence: Nb5+ > Co4+ > Co3+ > Fe3+ > Co2+ > Fe2+. Although Fe4+ is not listed here, its acidity 

can be expected to be between that for Co4+ and Co3+ 237. Therefore, considering the high Fe 

content (35 mol %) of LSFCr, which has been shown to be stable in higher valence states (+3, 

+4)119, 238, it is possible that the relative acidity of LSFCr is quite high, thus preventing any 

reaction with CO2 that could lead to the decomposition of LSFCr and the formation of SrCO3 

over the temperature range of our studies. Also, previous studies have shown that, by doping the 

B-site of La0.3Sr0.7Fe0.7O3-δ with Cr, there is an increase in the structural stability over a wide pO2 

range (1-10-21 atm) 46, 229. 

To further prove that LSFCr is stable in dry CO2  and remains as a single phase without 

any detectable secondary phases, high temperature in situ XRD experiments were performed 

from 30 to 800 oC. As seen in Figure 6.2, the in situ high temperature XRD patterns show that 

the perovskite phase is stable, as observed at 30, 400, 600, and 800 oC in a CO2 atmosphere.  

 
 

Figure 6.2 (a) In situ  XRD patterns of  LSFCr powder in dry 100% CO2 from  30-800 oC 

and (b) magnified XRD pattern showing the (110) peak. The symbol used to identify the 

LSFCr (perovskite) peaks is (#).  
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While the peaks shift to lower 2 theta (degrees) with increasing temperature, as shown in Figure 

6.2b for the (110) peak, this is fully expected due to the increase in the lattice constant 

parameters. 

To further establish the chemical stability of the LSFCr material in the CO2 environment, 

TG analysis was performed to determine the weight change of the powder upon heating and 

cooling from room temperature to 900 oC in CO2. Figure 6.3a shows the TG profile of the LSFCr 

powder in air and in 60% CO2 (balance N2). The heating TGA profile in air was used as the 

baseline to show the weight change of the material with respect to temperature so that any weight 

change observed in CO2 can be established correctly. As can be seen, there is no measurable 

weight loss of the powder in either air or CO2 below 400 oC. At 400 oC, loss of lattice O2- begins 

as LSFCr is reduced, which is observed by weight loss in both air and CO2, as expected46. The 

larger weight loss observed in 60% CO2 (balance N2) is due to the lower pO2 (10-7atm) of CO2 

versus air (0.21 atm).  

The TG analysis of the powder in CO2 shows no weight gain in either the heating or 

cooling profiles, indicating that no SrCO3 had formed, which agrees with the XRD analysis 

above. Various studies have shown that the onset temperature for carbonate formation is around 

500 oC and a > 2% weight gain has been observed due to carbonate formation for other types of 

perovskites (for example, Ba0.95Ca0.05Co0.1Fe0.9O3-δ, Sr1-xCaxFe0.5Co0.5O3−δ, Ba0.5Sr0.5Ce1-x-y-

zZrxGdyYzO3-δ, BaZr0.1Ce0.7Y0.1M0.1O3-δ  (M = Fe, Ni, Co, Y and Yb), which are not stable in dry 

CO2 
88, 239-241.  
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Figure 6.3 TG profiles of LSFCr powder from 30-900 oC at 3 oC/min in (a) 60% CO2 

(balance N2) and air, (b) multiple heating/cooling cycles in 60% CO2 (balance N2), (c) 

heating profile in 60% CO2 (balance N2) to 800 oC with 1 hr holding at 600 and 800 oC, and 

(d) isothermal profile at 600 and 800 oC from Figure 6.3c. 

 

In the cooling profile (from 900 to 30 oC) in CO2 (Figure 6.3a), the weight did not return 

to its original value, indicating that the lattice oxygen that was lost from LSFCr during heating 

was not fully re-incorporated into the LSFCr structure during cooling. This is probably due to the 

lower pO2 of the 60 % CO2 gas (balance N2, pO2 ~ 10-7 atm) compared to air (0.21 atm), because 
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it has been reported that the weight change associated with LSFCr is reversible upon heating and 

cooling in air119.  

To test the observation of incomplete weight recovery of  LSFCr in CO2 during cooling, 

two heating and cooling cycles of LSFCr in CO2 were performed, as shown in Figure 6.3b. This 

shows that, during the first cycle, a similar profile was observed (as in Figure 6.3a), where 

incomplete recovery was observed during cooling at RT. However, during the second cycle, the 

LSFCr recovers to its initial weight of 99.2% during cooling at RT. Once LSFCr is equilibrated 

after the first cycle, subsequent cycles start at a lower percent weight loss, corresponding to an 

increase in the concentration of oxygen vacancies and a higher O2 non-stoichiometry (δ). It can 

be seen from the second cycle that there is a slight increase in weight (0.1%) between 500-700 

oC, probably due to the surface adsorption of some CO2 on LSFCr, in relation to the increase in 

the concentration of oxygen vacancies. It has been reported previously that oxygen vacancies are 

the active site for the adsorption of CO2 236.  

Figure 6.3c shows the TG profile of LSFCr in dry CO2 held isothermally at 600 and 800 

oC for 1 h, respectively. As can be seen from Figure 6.3d, LSFCr did not lose much weight under 

these conditions, losing only 0.01 and 0.02 % of the mass at 600 and 800 oC, respectively.  

To determine the oxygen non-stoichiometry (δ) of LSFCr, TG analysis in air and 20% 

CO2 (balance He) was carried out and the weight loss was converted to oxygen non-

stoichiometry (δ) using Equation 6.4 119, 236, 

0

0

1 (6.4)
15.999

M m

m
 

 
   

 
 

where mo is the initial weight and m is the final weight after heating of the sample, M is the 

molar mass of the sample at room temperature, δo is the oxygen nonstoichiometry of the sample 
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at room temperature, which has been reported to be 0.1 for LSFCr119, and 15.999 is the atomic 

weight of oxygen. 

Figure 6.4 shows the weight loss data and the calculated oxygen non-stoichiometry (δ). 

The oxygen non-stoichiometry (δ) in air at 800 oC is about 0.16 and when LSFCr was held in air 

at 800 oC for 1 hr, it increased to about 0.18. This value of 0.18 is in agreement with what has 

been previously reported in the literature for LSFCr in air at 800 oC 119. The introduction of about 

20% CO2 (balance He, pO2 ~ 10-5 atm) at 800 oC immediately leads to an increase in weight loss 

due to further loss of lattice oxygen from LSFCr, as seen in Figure 6.4a. From Figure 6.4b, the 

oxygen non-stoichiometry (δ) of LSFCr after 1 h in CO2 at 800 oC is about 0.23. 

 The δ value of LSFCr in CO2 is higher than in air because of the pO2 differences 

between the two gases, as the more reducing CO2 atmosphere will lead to reduction (more 

oxygen loss) of the LSFCr material. As expected, re-introduction of air after CO2 exposure 

rapidly decreased the δ value from 0.23 to its initial value of 0.16 at 800 oC, then gradually 

decreasing during the cooling profile to about 0.11 at room temperature.  

 
 

Figure 6.4 (a) TGA profile of LSFCr powder in 20% O2 and 20% CO2 (both balance He) 

from 30-800 oC at a 5 oC/min ramp rate and (b) plot showing oxygen non-stoichiometry (δ). 
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To confirm whether the slight increase in sample weight (0.1%), seen in Figure 6.3b, 

during the TGA experiments was due to CO2 adsorption on the surface of the LSFCr or due to 

the minor formation of SrCO3, FTIR analysis was employed, since the XRD technique has a 

relatively low sensitivity and its detection limit is about 5 mol% 6. FTIR analysis was employed 

to further confirm that no SrCO3 was formed on exposure of LSFCr to dry and 100% CO2 at 800 

oC. The FTIR analysis was carried out on a LSFCr powder sample that has been exposed to dry 

and 100% CO2 at 800 oC for 24 h.  

Figure 6.5 (i) shows the FTIR spectrum for SrCO3. The band at 1471 cm-1 corresponds to 

the asymmetric stretching mode of the C-O bond, while the sharp bands at 858 and 704 cm-1 

represent the in-plane and out-of-plane bending of CO3
2- 242.  

  
Figure 6.5 Room temperature FTIR transmittance spectra for a homogenous mixture of 

dried KBr and powder samples of (i) SrCO3, (ii) as-prepared LSFCr, and (ii) LSFCr 

exposed to dry CO2 from 30-800 oC with a 24 h dwell time at 800 oC. Sample (iii) was 

heated and cooled at a ramp rate of 5 oC/min in a dry 100 % CO2 atmosphere. 
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From Figure 6.5, it can be seen that the bands corresponding to SrCO3 are not observed for either 

the as-prepared LSFCr powder or the LSFCr powder after exposure to 100% CO2 at 30-800 oC, 

with a 24 h dwell time at 800 oC. However, at 1470 cm-1, an asymmetric stretching band, 

corresponding to the C-O bond, is observed in Figure 6.5. This band indicates some form of 

interaction of LSFCr with CO2, probably the the presence of a small amount of carbonate species 

on the LSFCr surface.   

The morphology of the LSFCr powder after exposure to pure, dry CO2 at 30-800 oC, with 

a 24 h dwell time at 800 oC, was also compared to the as-prepared powder. Figure 6.6 shows that 

the morphology of both samples is similar, with the LSFCr powder having agglomerated into 

bigger particles. 

 
 

Figure 6.6 SEM images of LSFCr powder (a) as-prepared and (b) exposed to dry CO2 from 

30-800 oC with a 24 h dwell time at 800 oC. Sample (b) was heated and cooled at a ramp 

rate of 5 oC/min in the same gas atmosphere. 

 

6.2.1.2 Chemical stability of LSFCr in dry CO2/CO mixtures 

It has been shown that LSFCr is very stable in dry CO2 environments and remains as a 

single phase, with no evidence for bulk SrCO3 formation. However, the ultimate purpose of this 
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work is to use LSFCr as an electrode material for both CO2 reduction and CO oxidation in a 

RSOFC. Therefore, the stability of LSFCr in CO2/CO mixtures is critical. To test this, the LSFCr 

powder was exposed to 10 and 30 % CO (balance CO2) at 30-800 oC with a 24 h dwell time at 

800 oC. The 70% CO2:30% CO mixture (pO2 ~ 10-19) was investigated because its pO2 is lower 

than 10-21 atm, where LSFCr is known to be structurally unstable46, 116. 

 
 

Figure 6.7 Ex` situ XRD patterns, showing the chemical stability of the LSFCr powder (a) 

as-prepared (i), exposed to 90% CO2:10% CO2 (ii), and (b) 70% CO2:30% CO atmosphere, 

all from 30-800 oC with a 24 h dwell time at 800 oC. All samples were heated and cooled at 

a ramp rate of 5 oC/min in the same gas atmosphere. The symbols used to identify the 

peaks are as follows: (#) LSFCr (perovskite) and (+) SrCO3. 

 

As shown in Figure 6.7, LSFCr retains its perovskite phase in both 90% CO2:10% CO 

and 70% CO2:30% CO mixtures. However, a detailed look at Figure 6.7b, where LSFCr was 

exposed to 70% CO2:30% CO, shows some extra peaks, corresponding to a SrCO3. This may 

indicate that LSFCr is approaching its structural limit at pO2 of 10-19 atm at 800 oC. However, 

even though this minor impurity phase is observed to form in CO2/CO, it did not have any 
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negative effect on the electrochemical performance and stability of the LSFCr electrode in this 

gas environment, as will be shown later in this chapter. 

As seen in Figure 6.8, there is very little difference in the morphology of the as-prepared 

powder (Figure 6.8a) and the samples exposed to 90% CO2:10% CO and 70% CO2:30% CO 

(Figures 6.8b and 6.8c), again indicating that no new bulk phases are formed. However, similar 

to what was observed in Figure 6.6, the LSFCr particles seem to have agglomerated, leading to 

irregular and larger particles, as can be clearly seen in Figures 6.8b and 6.8c. 

 
 

Figure 6.8 SEM images of  LSFCr powders (a) as-prepared and after exposure to (b) 10% 

90% CO2:10% CO and (c) 70% CO2:30% CO, from 30-800 oC with a 24 h dwell time at 

800 oC. All samples were heated and cooled at 5 oC/min in the same gas atmosphere. 

 

High resolution transmission electron microscopy (HRTEM) analysis was also performed 

on the LSFCr material and also after exposure to dry 100% CO2 and 90% CO2:10% CO, all after 
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heating at 30-800 oC with a 24 h dwell time at 800 oC. The cation content of LSFCr, evaluated 

semi-quantitatively by energy dispersive spectroscopy in more than ten single crystals, is in good 

agreement with the theoretical proportions of the elements in LSFCr, indicating the high purity 

of the powders. High-resolution TEM micrographs, recorded along the same [001]p zone axis 

(Figures 6.9a-c) in the three materials, show the same microstructure, suggesting that the 

microstructure of LSFCr is unaffected by CO2 or CO/CO2 exposure.  

 

 
 

Figure 6.9 HRTEM images recorded along [001]p zone axis (p refers to the cubic 

perovskite) for LSFCr powders (a) as-prepared  (b) dry and pure CO2, and (c) 90% 

CO2:10%CO, from 30-800 oC with a 24 h dwell time at 800 oC. All samples were heated 

and cooled at a ramp rate of 5 oC/min in the same gas atmosphere. 

 

6.2.1.3 Chemical stability of LSFCr in dry CO/N2 mixtures 

To confirm that the LSFCr material decomposes to a LaSrFeO4-based phase (K2NiF4)  

and α-Fe at a pO2 of ≤ 10-21 atm, as reported in the literature when LSFCr was exposed to dry 

10% H2 (balance N2) at 800 oC 46, the LSFCr powder was exposed to 10% CO and 30% CO 

(balance N2) at 800 oC, which corresponds to theoretical pO2 values of 10-21 and 10-23 atm, 

respectively. Figures 6.10 shows that exposure of the LSFCr powder from 30-800 oC to 10% 

CO:90% N2, with a 24 h holding time, and to 30% CO:70% N2, with a holding time of 6 h, all at 
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800 oC, partially decomposed the LSFCr perovskite structure, forming the LaSrFeO4-based 

phase (K2NiF4). However, exposure of LSFCr to 30% CO:70% N2 at 800 oC for 24 h led to more 

conversion to the LaSrFeO4-based phase (K2NiF4) and α-Fe, as shown in Figure 6.10 (iii). The 

chemical stability study reported by Chen et al.46 was performed primarily in a H2/N2 

atmosphere, and thus, this is the first time the stability of LSFCr in CO (balance N2) is being 

reported.  

 
 

Figure 6.10 Ex situ XRD patterns showing the stability of the La0.3Sr0.7Fe0.7Cr0.3O3-δ 

(LSFCr) powder exposed from 30-800 oC to (i)10% CO:90% N2 held for 24 h at 800 oC (ii) 

30% CO:70% N2 held for 6 h at 800 oC, (iii) 30% CO:70% N2 held for 24 h at 800 oC. All 

samples were heated and cooled at a ramp rate of 5 oC/min in the same gas atmosphere. 

The symbols used to identify the peaks are as follows: (#) LSFCr (perovskite); (∆) 

LaSrFeO4-based phase (K2NiF4); and (O) α-Fe. 
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Comparing the stability of LSFCr in 30% CO:70% CO2 (Figure 6.7b) and 30% CO:70% 

N2 (Figure 6.10 (iii)) at 800 oC using a 24 h dwell time reveals that the LSFCr powder retains 

most of its perovskite phase in 30% CO:70% CO2 (pO2 ~10-19 atm) atmosphere, with only minor 

secondary phases formed. In comparison, in 30% CO:70% N2 (Figure 6.10(iii)), with a pO2 of 

about 10-23 atm at 800 oC, it decomposes to the LaSrFeO4-based phase (K2NiF4) and α-Fe. 

However, Figure 6.11 shows that re-exposure of the LSFCr powder from 30-800 oC to 

air, with a 24 h holding time at 800 oC after the CO/N2 exposure study, converts the LaSrFeO4-

based phase (K2NiF4) back to the perovskite phase, with only minor impurities observed. This is 

in agreement with what has been reported previously for LSFCr decomposition in dry H2 at 800 

oC and its ability to regenerate fully in air to its initial perovskite form46. 

 

Figure 6.11 Ex situ XRD patterns showing the re-exposure of decomposed (i) Fig. 6.10 (ii) 

and (ii) Fig.6.10 (iii) LSFCr samples to air from 30-800 oC, with 24 h holding time at 800 
oC. All samples were heated and cooled at a ramp rate of 5 oC/min in the air atmosphere. 

The symbols used to identify the peaks are as follows: (#) LSFCr (perovskite); (∆) 

LaSrFeO4-based phase (K2NiF4); and (x) impurities. 
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SEM-EDX analysis was carried out on the powder after exposure to CO/N2 to determine 

if  the decomposed species (LaSrFeO4-based phase and α-Fe) could catalyze the Boudouard 

reaction (2CO = C + CO2), leading to the formation of carbon. The SEM images in Figure 6.12 

shows a different morphology than what was seen in Figures 6.6 and 6.8. The images show that a 

carbon-like structure has been formed, especially on samples exposed to 30% CO:70% N2 at 800 

oC for at 6 h and 24 h, respectively (Figures 6.12b and 6.12c). However, as shown in Figure 

6.12d, when the LSFCr sample was exposed to air for 24 h at 800 oC, carbon is removed (as 

CO2) and the same morphology as seen for the as-prepared sample is observed. 

 
 

Figure 6.12 SEM images of LSFCr powder exposed to (a) 10% CO:90% N2 for 24 h at 800 
oC, (b) 30% CO:70% N2 for 6 h at 800 oC, (c) 30% CO:70% N2 for 24 h at 800 oC, and (d) 

exposure of the Fig. 6.12b sample to air for 24 h at 800 oC. All samples were heated and 

cooled at a ramp rate of 5 oC/min in the same gas atmosphere. 

 

To semi-quantify the amount of coke formed, EDX analysis was carried out. Figure 6.13 

shows a SEM image of the LSFCr powder after exposure to 30% CO:70% N2 for 6 h at 800 oC, 
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showing the regions where the EDX analyses were performed. The weight and atomic 

percentages of La, Sr, Fe, Cr and C obtained are shown in Table 6.1. Comparing the elemental 

content of LSFCr powder exposed to 30% CO:70% N2 to the as-prepared LSFCr powder, it is 

seen from Table 6.1 that the weight percent (wt. %) and atomic (at. %) of carbon are higher in all 

four regions examined than seen for the as-prepared sample. The at. % of C in LSFCr after 

exposure to 30% CO:70% N2 ranges from 75-93%, compared to 33% for the as-prepared sample. 

The 33 at.% carbon obtained for the as-prepared sample is probably due to contamination of the 

sample by adventitious carbon243.  

 

Figure 6.13 SEM image of LSFCr powder exposed to 30% CO:70% N2  held for 6 h at 800 
oC showing the four regions analyzed by EDX. 

 

However, the high 75-93 at. % of carbon observed for the 30% CO:70% N2 LSFCr 

samples clearly indicates that the structures seen in the SEM images (Figures 6.12 and 6.13) are 

likely carbon. Thermodynamically, the Boudouard reaction is only favorable at < 700 oC. 

However, since the samples were ramped from 30-800 oC in CO/N2, held for either 6 h or 24 h at 
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800 oC, and then cooled in the same atmosphere, it is likely that the observed carbon deposition 

is due to both gas phase and catalytic disproportionation of CO to C. 

 

Table 6.1 Elemental content from SEM-EDX analysis of the various regions of the SEM 

image in Figure 6.13 for LSFCr, exposed to 30% CO:70% N2 for 6 h at 800 oC. 

Region 

analyzed 

La Sr Fe Cr C 

wt. % at.  % wt. % at.  % wt. % at.  % wt. % at.  % wt. % at.  % 

1 19 3.8 24 7.8 19 9.6 6.1 3.3 32 76 

2 13 1.8 16 3.7 14 4.8 4.2 1.6 53 88 

3 19 3.7 24 7.6 17 8.5 5.5 2.9 34 77 

4 2.5 0.30 6.5 1.2 17 4.8 2.8 0.90 71 93 

As-prepared 

LSFCr 
30 13 31 21 24 25 9.0 10 6.4 31 

 

There are limited studies in the literature showing the chemical stability of perovskite 

electrodes in CO and the possible formation of carbon. A Raman spectroscopy study by Su at el. 

showed that exposure of La0.8Sr0.2Sc0.2Mn0.8O3 (LSSM) powder to CO for 5 h at 600, 850 and 

900 oC did not result in any carbon deposition 244. However, this study showed electrochemical 

degradation of a LSSM-based electrode, operated in pure CO at 850 oC. This is due to the 

structural instability of LSSM at such a low pO2, since the structural stability limit of LSSM is at 

a  pO2 of 10-18 atm244. 

 

6.2.2 Electrochemical performance of LSFCr in CO2 and CO2/CO atmospheres  

This section of Chapter 6 is focussed primarily on determining the electrochemical 

activity and stability of LSFCr as a fuel electrode in various CO2/CO mixtures, using cyclic 

voltammetry (CV), potentiostatic/galvanostatic methods, and electrochemical impedance 

spectroscopy (EIS). The work was carried out using a LSFCr/GDC/YSZ/GDC/LSFCr 
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symmetrical full cell (see Section 3.2.2.1 for details of cell fabrication) during CO2 reduction and 

CO oxidation at 600-850 oC. The fuel electrode was fed with variable CO2 (10-100% CO2 

(balance N2)) or 50-90 % CO2:10-50% CO gas mixtures, while the oxygen electrode was fed 

with air.   

A cross-sectional SEM image of a typical LSFCr/GDC/YSZ/GDC/LSFCr cell, used in 

this section of the work (see Section 3.2.2.1 for details of cell fabrication) and after 

electrochemical testing in CO2/CO atmospheres, is shown in Figure 6.14. The image shows that 

there is no sign of delamination of the electrodes from the electrolyte, with the fuel and oxygen 

electrodes, both LSFCr, being ca. 30 µm in thickness. As can be seen from Figure 6.14, a porous 

GDC buffer layer, ca. 10 µm in thickness, was used to prevent inter-diffusion between the YSZ 

electrolyte and the LSFCr electrodes 125, 126.  

 

Figure 6.14 A cross-sectional SEM image of the LSFCr/GDC/YSZ/GDC/LSFCr 

symmetrical RSOFC under study here, showing the fuel electrode and the oxygen electrode 

after electrochemical cell testing in CO2/CO atmospheres. Inset shows a higher 

magnification image of the fuel electrode of the cell. 
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It should also be noted, that in this chapter (Section 6.2.2), the cyclic voltammetry (CV) 

data have been plotted with potential (V) on the y axis and current density (i) on the x-axis, 

instead of the more conventional format used in the other chapters of this thesis and in the 

general electrochemical literature. However, the format used here is commonly found in the 

RSOFC literature and may be intended to have the appearance of standard fuel cell performance 

plots. Also, none of the CV data have been iR corrected in this part of the work, thus allowing a 

better comparison with the data reported for other cells in the literature.  

Furthermore, in these full cell studies, the OCP is ca. 0.8 V to 1.0 V in the CO2/CO 

mixtures and roughly 0.2 V to 0.4 V in pure CO2 at the fuel electrode. The convention in this 

chapter (Section 6.2.2), is to use negative sign as a reminder that the reactions are being studied 

in the non-spontaneous direction (SOEC mode). For example, when OCP is ca. 1.0, applying      

-0.3 V vs. the OCP (SOEC mode) implies that the cell voltage is at 1.3 V (or 0.3 V overpotential 

above OCP), while applying 0.3 V vs. the OCP (SOFC mode) implies that the cell voltage is at 

0.7 (or 0.3 V below OCP).  

 

6.2.2.1 Performance of LSFCr-based RSOFC cell in dry CO2 (balance N2) 

Figure 6.15 shows the impedance data obtained from a symmetrical LSFCr-based full 

cell operated at 800 oC, with 100%, dry CO2 fed to the fuel electrode and air fed to the oxygen 

electrode. Pure CO2 without CO was evaluated first to better understand the processes associated 

with the fuel and oxygen electrodes. The CO2 fed to the fuel electrode is expected to reduce to 

CO and O2- (Chapter 2, Reaction 2.3), with the O2- transported through the YSZ electrolyte to the 

oxygen electrode, where O2 gas is released (Chapter 2, Reaction 2.1). Therefore, the measured 
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performance of the cell is a reflection of the combination of the reactions at both the fuel and 

oxygen electrodes, as discussed also in Chapter 5.  

The Nyquist plot in Figure 6.15a in pure CO2 shows an incomplete semi-circle at both the 

open circuit potential (OCP, 0.2 V) and -0.3 V vs. the OCP (at a cell voltage of 0.5 V), 

respectively. This is expected, as there is only a small amount of CO generated under these 

conditions (pure CO2, 0.5 V). As the cell is polarized more negatively away from the OCP at -0.7 

V vs. the OCP (at an operating potential of the cell of 0.9 V), a complete semi-circle was 

observed. This is because operating the cell at 0.9 V leads to the electrolysis of CO2 to CO and 

O2.  

 
 

Figure 6.15 OCP and polarized impedance data for symmetrical RSOFC with a 

configuration of LSFCr/GDC/YSZ/GDC/LSFCr, operated at 800 oC and showing (a) the 

Nyquist plot and (b) the phase angle Bode plot, in 100%, dry CO2 at the fuel electrode and 

with air exposure at the oxygen electrode.  

 

From Figure 6.15b, the Bode plot at -0.7 V vs. the OCP (i.e., at a cell operating potential 

of 0.9 V) shows that the performance of the cell is dominated by the low frequency arc, which 

has a ca. 1 Hz summit frequency. As discussed in Chapter 5, this low frequency arc observed for 
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the 2-electrode LMFCr-based full cell can be ascribed to the processes occurring at the fuel 

electrode (CO2 reduction/CO oxidation), while the high frequency arc (at ca. 100 Hz) represents 

the oxygen reduction or evolution reactions occurring at the oxygen electrode. 

Figure 6.16 shows the cyclic voltammograms (CV) of the LSFCr-based full cell at 850-

750 oC, with varying amounts of CO2 fed to the fuel electrode and air fed to the oxygen 

electrode. From Figure 6.16, the apparent onset potential for CO2 reduction at 800 oC is ca. -0.8 

V in the dry 100% CO2, 50% CO2:50% N2, and 10 % CO2:90% N2 gas mixtures. At the apparent 

onset potential, there is enough CO generated by the cell to move the Nernst potential to a value 

consistent with a CO2/CO mixture.  

It is seen in Figure 6.16 that, when the cell is fed with 10% CO2 (balance N2) at the fuel 

electrode and air at the oxygen electrode, the current is reactant concentration limited (showing a 

plateau current) at more negative potentials. In both 50 and 100 % CO2, the cell shows a higher 

performance during the electrolysis phase. Thus, at 1.5 V, current densities of -0.4 A/cm2 and 

0.38 A/cm2 were obtained in 100% and 50% CO2, respectively. The observed performance of the 

LSFCr full cell in Figure 6.16 is higher than has been reported for other types of perovskite-

based full cells in the literature. For example, Xu et al. 100 investigated a LSCM-

SDC/YSZ/LSCM-SDC cell in 100% CO2 at 800 oC, giving a 0.1 A/cm2 current density at 1.5 V. 

Figure 6.16b shows the electrolysis of 100 % CO2 when the cell was operated at 750, 

800, and 850 oC. At a potential of 1.5 V, the current density increased from 0.2 A/cm2 to 0.65 

A/cm2 as the temperature was increased from 750 to 850 oC, as expected.  
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Figure 6.16 CV of the symmetrical LSFCr/GDC/YSZ/GDC/LSFCr full cell showing (a) the 

response in dry 100% CO2, 50% CO2:50% N2, and 10 % CO2:90% N2 gas mixtures fed to 

the fuel electrode and with air exposure at the oxygen electrode at 800 oC, and (b) 

temperature studies of 100% CO2 fed to the fuel electrode at 850, 800 and 750 oC and with 

air exposure at the oxygen electrode.  

 

 

6.2.2.2 Performance of LSFCr RSOFC cell in dry CO2/CO gas mixtures 

In Section 6.2.2.1, it was shown that the LSFCr-based 2-electrode full cell can be 

operated in only CO2 environments, although the performance is quite variable as the potential at 

the CO2/CO electrode is not fixed (or pinned). Therefore, to investigate the electrochemical 

performance of the LSFCr cell when operated in both the SOEC (CO2 electrolysis) and SOFC 

(CO oxidation) modes, CO2/CO mixtures were fed to the fuel electrode and air to the oxygen 

electrode all at 600-800 oC (Figure 6.17). The Nyquist plots in Figure 6.17a were fitted to the 

same Rs(R1CPE1)(R2CPE2) equivalent circuit model as used in Chapter 5 (Figure 5.1c) for the 

full cell tested in humidified H2/N2 environments. An example of the good fits obtained of the 

EIS data to the selected equivalent circuit is shown in Figure 6.17a, giving a chi-squared value of 

< 10-4. It should be noted that all of the fits of the impedance data shown in this chapter gave 
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similarly low chi-squared values. Again, the series inductor, sometimes seen at high frequencies, 

was excluded. Similar to the impedance data obtained for the LCFCr symmetrical full cell in 

Chapter 5 (Figure 5.1), the high frequency (100 Hz) arc (R1CPE1) is related primarily to the 

processes occurring at the oxygen electrode and the low frequency (1 Hz) arc (R2CPE2) is 

dominated by the processes occurring at the fuel electrode.  

 
Figure 6.17 OCP impedance data for symmetrical RSOFC with a configuration of 

LSFCr/GDC/YSZ/GDC/LSFCr, operated at 800 oC, and showing (a) the Nyquist and (b) 

the Bode plots, all in 90% CO2:10% CO and 70% CO2:30% CO gas mixtures at the fuel 

electrode and with air exposure at the oxygen electrode.  

 

As seen in Figure 6.17a, the polarization resistance (Rp), related to the reactions at both 

the fuel and air sides of the cell, decreases from 1.3 Ω cm2 in 90% CO2:10% CO gas composition 

to 0.94 Ω cm2 in 70% CO2:30% CO. It is important to note that these Rp values at 800 oC in the 

various CO/CO2 gas compositions studied here are more than 100 times lower than the Rp of ca. 

500 Ω cm2 reported by Sapountzi et al.245 for a La0.75Sr0.25Cr0.9Fe0.1O3-δ fuel electrode, operated 

in 90% CO:10% CO2 at 800 oC. Also seen in Figure 6.17a is that the series resistance (Rs) of 

0.92 Ω cm2 remained unchanged as the CO2/CO ratio was varied in this work, as expected.  The 
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capacitance of the low frequency arc is usually attributed to changes in the oxygen non-

stoichiometry (chemical capacitance) of mixed conducting oxides, such as LSFCr, during ac 

perturbation 246, 247.  

Figure 6.18a shows the CVs of the LSFCr-based full cell operated with either 90% 

CO2:10% CO or 70% CO2:30% CO fed to the fuel electrode. The open circuit potential (OCP), 

obtained for the LSFCr-based full cell at 800 oC, was 0.85 and 0.91 V, respectively, in these two 

gases, corresponding to a pO2 of 10-17 and 10-18 atm, respectively, calculated from Equation 6.3. 

Considering that the structural stability limit of LSFCr is at a pO2 ≤ 10-21 atm at 800 oC 46, the 

LSFCr material, as shown in Figures 6.7 and 6.9, should be structurally stable in this CO2/CO 

atmospheres.  

 
 

Figure 6.18 CV data obtained from symmetrical full cell with a configuration of 

LSFCr/GDC/YSZ/GDC/LSFCr, operated at 800 oC, showing (a) the CV plots acquired at 1 

mV/s scan rate, and (b) the ASR-i plots (derived from the CV data in (a)), all in 90% 

CO2:10% CO and 70% CO2:30% CO gas mixtures at the fuel electrode and with air 

exposure at the oxygen electrode. 
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In the SOEC mode, the CVs (Figure 6.18a) show that, at a cell voltage of 1.5 V, the 

current density for the reduction of 90% CO2:10% CO and 70% CO2:30% CO gas mixtures is -

0.41 and -0.39 A/cm2, respectively. Figure 6.18a also shows that, in the SOFC mode, an increase 

in the CO content from 10% to 30% leads to an increase in the electrochemical performance.  

It should be noted that the magnitude of the current densities observed in Figure 6.18a for 

this LSFCr-based cell in 90-70% CO2 (balance CO) at 800 oC is very promising and better than 

what has been observed in other studies using mixed conducting oxide electrodes. For example, 

Yue et al.103, who examined the electrolysis of CO2 at a LSCM-GDC cathode in 90% CO2:10% 

CO at 900 oC, obtained a current density of 0.28 A/cm2 at 1.5 V. In the study reported by Yue et 

al.103, a doped-ceria phase was added to the LSCM material to improve its performance towards 

CO2 electrolysis. However, the excellent performance of the LSFCr fuel electrode, under study 

here, towards the CO2/CO reactions was achieved without the addition of doped ceria phase.  

To better understand the total area specific resistance (ASR) associated with the cell 

when operated in either the fuel cell or electrolysis mode, the CVs, shown in Figure 6.18a, were 

differentiated to give the ASR (ASR = dE/di) of the cell. This also allowed a comparison 

between the ASR value obtained from the CV studies and EIS (ASR = Rs + Rp) data, shown in 

Figure 6.17. As seen in Figure 6.18b, there is good agreement between the total ASR obtained 

from both techniques. Also, the ASR-i plot shows that, at higher negative current densities, there 

is little change in the ASR even as the amount of CO2 present in the input gas stream was varied. 

In the SOFC mode, the ASR decreases with the introduction of CO, as expected.  

The performance of the LSFCr-based full cell, operated on 70% CO2:30% CO 

composition at varying temperatures, was also investigated. Figure 6.19 shows that the cell 

performs better in both the SOEC and SOFC modes with increasing temperature, as expected. 
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The corresponding impedance results are shown in Figures 6.20a-c. From the Nyquist plot 

(Figure 6.20a-b), the series resistance (Rs) is seen to increase with temperature because the 

conductivity of YSZ decreases with temperature.  

 
 

Figure 6.19 CVs (acquired at 1 mV/s) of the symmetrical LSFCr full cell, showing 

temperature studies at 850, 800 and 750 oC for 70% CO2:30% CO fed to the fuel electrode 

and air exposure to the oxygen electrode. 

 

Furthermore, Figures 6.20a and 6.20b show that Rp increases from 0.51 Ω cm2 at 850 oC 

to 38 Ω.cm2 at 600 oC. Figure 6.20d shows the Arrhenius plot for the various resistances 

obtained from the fitting of the Nyquist plots shown in Figures 6.20a and 6.20b to a 

Rs(R1CPE1)(R2CPE2) equivalent circuit (Figure 5.1c). As discussed earlier and verified in 

Chapter 5, the high frequency arc (R1CPE1, ca. 100 Hz) is related to the processes occurring at 

the oxygen electrode, while the low frequency arc (R2CPE2, ca. 1 Hz) is assigned to the CO2/CO 

reactions at the fuel electrode.  
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The activation energy (Ea) obtained for the series resistance (Rs) is 88 kJ/mol. This value 

is in good agreement with the activation energy values (85-97 kJ/mol) reported for oxide ion 

conduction in the YSZ (yttria-stabilized zirconia) electrolyte248-250. The Ea value for the 

polarization resistance (Rp) is 145 kJ/mol, which is a little higher than that reported by Yue et 

al.102 in the same gas composition for a LSCM-GDC electrode. The high frequency resistance 

(R1) shows an Ea of 105 kJ/mol, while that of low frequency resistance (R2) is 143 kJ/mol. The 

low Ea value obtained for R1, which represents the processes occurring at the oxygen electrode, 

confirms what has been reported by others and in Chapter 5, showing that the LSFCr material is 

more active as an oxygen electrode than as a fuel electrode46. 

The low frequency resistance (R2) also exhibits a strong temperature dependence, which 

argues against rate limitations due to gas convection or diffusion processes, while the low 

frequency capacitance (C2) is related to changes in the oxygen non-stoichiometry of the 

perovskite material246, 247. The calculated low frequency capacitance (C2), using Equation 4.3, 

decreases from 0.34 F/cm2 at 850 oC to 0.043 F/cm2 at 600 oC. This probably reflects the 

changing chemical capacitance properties of LSFCr due to the formation of more oxygen 

vacancies at higher temperatures, compared to at 600 oC. Even though Chapter 5 did not focus on 

the chemical capacitance behaviour of LSFCr in humidified H2 atmosphere, a similar trend is 

expected. 
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Figure 6.20 Temperature studies of the LSFCr/GDC/YSZ/GDC/LSFCr cell operated at 

600-800 oC, showing (a) OCP EIS Nyquist response at 750-850 oC (b) OCP EIS Nyquist 

response at 600-700 oC, (c) phase angle Bode plot, and (d) activation energy plot of the EIS 

determined resistances, all in 70% CO2:30% CO gas mixture at the fuel electrode and air 

at the oxygen electrode. 

 

To confirm that the contribution of the oxygen reduction (ORR) and evolution (OER) 

reactions to the observed Rp is seen at high frequencies (R1) in the 2-electrode full cell 

experiments, a 2-electrode half cell study was carried out in air at 800 oC, with LSFCr present on 

both sides of the cell and with Rp thus being entirely due to the oxygen reaction. It is seen in 
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Figure 6.21 that the Rp of this cell, operated in air, is only 0.25 Ω cm2 for each electrode. This 

further confirms that LSFCr is more active as an air electrode than as a fuel electrode, in 

agreement with what has been reported previously46, 251 where a symmetrical LSFCr cell, 

operated at 800 oC in air with either an LSGM or YSZ electrolyte, showed a Rp of 0.10 or 0.30 

Ω cm2 per electrode, respectively.  

 
 

Figure 6.21 Impedance response (at the open circuit potential) of a symmetrical LSFCr half 

cell tested in air at 800 oC, showing total Rp of 0.50 Ω cm2 for both electrodes. 

 

It is therefore clear that the reactions occurring at the fuel electrode provide the dominant 

contribution to the measured Rp in Figure 6.17a, being 1.1 Ω cm2 and 0.69 Ω cm2 for the 90% 

CO2:10% CO and 70% CO2:30% CO gas compositions, respectively. However, as Rp of the full 

cell is still small relative to what has been attained from other mixed conducting oxides, such as 

LSCM102, the CO/CO2 reactions occurring at the LSFCr fuel electrode can still be viewed as very 

active. For instance, in a 3-electrode fuel cell study using LSCM as the fuel electrode, operated 

in 70% CO2:30% CO at 800 oC, an Rp of 2.4 Ω cm2 was obtained102. This is larger than the total 
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Rp (0.92 Ω cm2) obtained for the LSFCr electrodes (both air and fuel) in the present work under 

the same conditions102, showing that LSFCr is more active in a CO/CO2 atmosphere than is 

LSCM. Also, Rs in the air study (Figure 6.21) was similar to that observed in the CO/CO2 

studies, at around 0.92 Ω cm2, as expected, since Rs (dominated by the YSZ electrolyte) should 

be independent of the gas environment. 

As LSFCr is porous, some regions of the underlying GDC could be exposed to the gas 

environment. Therefore, it was of interest to determine if the Gd0.1Ce0.9O2-δ (GDC) buffer layer 

at the fuel electrode contributes to the observed CO2/CO activity. This is because under reducing 

atmospheres, GDC is known to be a mixed ionic and electronic conductor252 and thus has been 

successfully employed as an electrode for SOEC applications39, 253. For example, a 

GDC/YSZ/GDC cell, operated on 95% CO2:5% CO at 800 oC, showed a total polarization 

resistance of ca. 8 Ω cm2 (4 Ω cm2 per electrode)39. In another study, a GDC electrode, infiltrated 

with Cu in a full cell configuration, gave an Rp value of ca. 17 Ω cm2 at 750 oC when 90% 

CO2:10% CO was fed to the fuel electrode and air to the oxygen electrode253.  

Thus, here, a GDC/YSZ/GDC cell was constructed and tested, all in 90% CO2:10% CO 

at 800 oC.  Figure 6.22 reveals a polarization resistance of ca. 50 Ω cm2 (25 Ω cm2 per 

electrode). This rather poor performance, compared to the 1.3 Ω cm2 observed in Figure 6.17a 

when LSFCr is also present, clearly shows that the GDC buffer layer is not very active for the 

CO2/CO reaction and that the performance of the LSFCr/GDC/YSZ/GDC/LSFCr cell reported 

here does reflect the CO2/CO and oxygen reactions at the LSFCr catalyst material.  
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Figure 6.22 Impedance response (at the open circuit potential) of a symmetrical 

GDC/YSZ/GDC cell, all in 90% CO2:10% CO at 800 oC, showing a total Rp of 50 Ω cm2 for 

both GDC electrodes. 

 

Polarized impedance studies were also carried out to more closely examine the 

performance of the LSFCr-based full cell in both the SOFC and SOEC modes. The Nyquist plots 

in Figure 6.23a show the polarization of the cell in both the negative (SOEC mode, -0.2 V vs. 

OCP) and positive (SOFC mode, 0.2 V vs. OCP) directions. Clearly, the cell performed better in 

the SOEC mode (CO2 electrolysis) compared to in the SOFC mode (CO oxidation and O2 

reduction), as seen from the lower Rp value observed during electrolysis. 

These impedance data are in full agreement with the CV results shown in Figure 6.18a, 

where a better performance was also observed in the SOEC mode. From both the Nyquist 

(Figure 6.23a) and Bode (Figure 6.23b) plots, it is seen that the polarization affected only the low 

frequency arc, while the high frequency arc does not change. From Figure 6.23c, it is obvious 

that the resistance associated with the low frequency arc (R2), which exhibits a summit 
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frequency of 1 Hz, dominates the EIS response in both the SOFC (0.1 to 0.3 V vs. OCP) and 

SOEC (-0.1 to -0.3 V vs. OCP) modes.    

 

 
 

Figure 6.23  OCP and polarized EIS response of the symmetrical LSFCr-based full cell, 

operated at 800 oC with 70% CO2:30% CO fed to the fuel electrode and air fed to the 

oxygen electrode, showing (a) the Nyquist and (b) the phase angle Bode plots (acquired at 

OCP, 0.2 V vs. OCP, and -0.2 V vs. OCP) and (c) the corresponding resistances obtained 

from the fitted Nyquist plots using the Rs(R1CPE1)(R2CPE2) equivalent circuit model. 
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As discussed above, the low frequency resistance exhibits a strong temperature 

dependence, which argues against rate limitations due to gas phase convection or diffusion 

processes. Therefore, it is likely related to the surfaces reactions occurring at the fuel electrode. 

Figure 6.24 shows the impedance response of the LSFCr-based full cell with various 

CO2/CO mixtures (90% CO2:10% CO, 70% CO2:30% CO, and 50% CO2:50% CO) fed to the 

fuel electrode and the oxygen electrode exposed to air at 800 oC at various potentials. As the CO 

content is increased, Rp decreases, as discussed previously.  

 
 

Figure 6.24 Polarization resistance (Rp) of the symmetrical LSFCr full cell, operated at 800 
oC with 90% CO2:10% CO, 70% CO2:30% CO, and 50% CO2:50% CO fed to the fuel 

electrode and air fed to the oxygen electrode. Rp obtained at different fuel electrode 

potentials from the fitted Nyquist plots using the Rs(R1CPE1)(R2CPE2) equivalent circuit 

model. 

 

It can be seen that, for the three CO2/CO mixtures examined, increasing the applied 

negative bias (SOEC mode) causes Rp to decrease, whereas an increase in the applied positive 

bias (SOFC mode) leads to an increase in Rp. However, the rate at which Rp increases with 

increasing positive polarization is minimal for the 50% CO2:50% CO mixture compared to in 
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90% CO2:10% CO. This is expected because of the increase in the CO content. It is also worth 

mentioning that the results of the 3-electrode half cell study of LSFCr in a 30% CO2:30% CO 

atmosphere, which will be discussed in detail in Chapter 7, also show a better performance 

during the reduction of CO2 than during CO oxidation55.  

 

6.2.2.3 Stability of LSFCr-based RSOFC cells in dry CO/CO2 mixtures 

To evaluate the stability of the full cell in the SOEC mode, a galvanostatic test was 

performed. Figure 6.25a shows the medium-term performance of the cell run in the SOEC mode 

after 133 h at -100 mA/cm2 in a 90% CO2:10% CO mixture at the fuel electrode and air at the 

oxygen electrode at 800 oC. The V-t plot shows that the LSFCr electrode is very stable during the 

reduction of CO2 to CO at the fuel electrode and oxygen evolution at the oxygen electrode. After 

133 h of operation, the rate of potential loss (degradation rate) is seen to be only 0.057 mV/h.  

 

Figure 6.25 Medium term stability study of the symmetrical LSFCr-based RSOFC, tested 

for 133 h at 800 oC with 90% CO2:10% CO fed to the fuel electrode and air fed to the 

oxygen electrode, showing (a) the V-t plot at a -100 mA/cm2 galvanostatic hold and (b) the 

corresponding Nyquist plots collected at the open circuit potential at 0, 20, 120 and 133 h.   
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A direct comparison of the degradation rate of the LSFCr fuel electrode with Ni-YSZ fuel 

electrodes during CO2 reduction cannot easily be made, primarily because of the different 

experimental conditions used. Even so, some studies have shown that running Ni-YSZ cathodes 

on clean CO2/CO gas, free of impurities (e.g., H2S), resulted in negligible degradation rates 40, 

254. However, when Ni-YSZ was operated on as-received CO2/CO gas (without the use of a pre-

cleaning step to remove any impurities present in the gases), significant degradation was 

observed 40, 254. For instance, a CO2 electrolysis study, carried out by Ebbesen et al.40, showed a 

degradation rate of 0.25 mV/h when a Ni-YSZ supported cell was operated on as-received 70% 

CO2:30% CO, containing trace amount of impurities such as H2S, for 150 h at  0.25 A/cm2, all at 

850 oC 40.  

This degradation is not surprising because, as discussed in Chapter 4, Ni-YSZ fuel 

electrodes are susceptible to H2S poisoning, even at very low ppm of H2S and at these higher 

temperatures. Therefore, the development of sulfur tolerant electrodes for RSOFC applications is 

still very important. As discussed in Chapter 5, the LMFCr material is sulfur tolerant in low ppm 

H2S at > 750 oC. Therefore, it is a good electrocatalyst for use as the fuel electrode in RSOFC 

applications.   

 Figure 6.25b shows the corresponding OCP-EIS data acquired before the beginning of 

the galvanostatic experiments, and then at 20, 120 and 133 h during the constant current studies 

of Figure 6.25a. While Rp changed by only 2.9% after 133 h of operation, Rs changed only 

slightly over this time period, indicating no delamination of the electrodes from the YSZ 

electrolyte or the build-up of any resistive phases at any of the interfaces, consistent with the 

SEM image in Figure 6.14. This indicates that the cells fabricated and studied in this work were 

of high quality, with good adhesion of each layer to its neighboring phase.  
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Figure 6.26 shows a backscattered secondary electron (BSE) image and electron 

microprobe WDX elemental mapping of the cross-section of a polished LSFCr fuel electrode 

after several days of electrochemical testing in CO2/CO atmospheres. As can be seen, there is no 

interdiffusion or segregation of cations between the buffer layer (GDC) on top of the YSZ 

electrolyte and the electrode material (LSFCr).  Taken together, the results in this Chapter have 

clearly shown that LSFCr is a very good electrode material for CO2 reduction to CO at high 

temperatures, as it is very active and yet stable. 

 
Figure 6.26 Electron microprobe WDX elemental mapping of the polished cross-section of 

a LSFCr fuel electrode after several days of electrochemical testing of the cell CO2/CO 

atmospheres in the temperature range of 600-850 oC. 
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6.3 Summary 

The structural stability of the mixed conducting La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) perovskite 

in CO2, CO2/CO, and CO/N2 atmospheres was investigated in this chapter, using X-ray 

diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis 

(TGA), scanning electron microscopy (SEM), high resolution transmission electron microscopy 

(HRTEM), and energy dispersive X-ray spectroscopy (EDX). It is shown that the exposure of 

LSFCr to pure CO2 (pO2 ~10-7 atm) from 30-800 oC, with a 24 h dwell time at 800 oC, did not 

lead to the formation of any unwanted secondary phases, such as SrCO3. Also, exposure of 

LSFCr to 90-70% CO2:10-30% CO (pO2 of 10-18 -10-19 atm) from 30-800 oC, with a 6-24 h dwell 

time at 800 oC, still retained its perovskite phase with only minor impurities observed. 

In 10% CO:90% N2 (pO2 ~10-21 atm at 800 oC), LSFCr decomposed slightly, forming the 

LaSrFeO4-based phase (K2NiF4) phase, but LSFCr in 30% CO:70% N2 (pO2 ~10-23 atm) from 

30-800 oC, with a 24 h dwell time at 800 oC, caused more LaSrFeO4-based phase (K2NiF4) to 

form. This confirms that, at a pO2 lower than the reported structural pO2 limit of 10-21 atm, 

LSFCr starts to decompose to other phases. It was also shown that the decomposed phases of 

LSFCr observed in CO/N2 environments likely catalyze the Boulouard reaction, leading to the 

formation of carbon on LSFCr. However, re-exposure of the LSFCr sample to air, with a 24 h 

dwell time at 800 oC, regenerated the perovskite single phase with only minor impurities 

remaining. 

The electrochemical performance of LSFCr in CO/CO2 atmospheres was also examined 

in this chapter. Specifically, it was shown that a 2-electrode, symmetrical, 

LSFCr/GDC/YSZ/GDC/LSFCr cell, evaluated at 600-800 oC, exhibited a very good 

electrochemical performance during both the reduction of CO2 (SOEC mode) and the oxidation 
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of CO (SOFC mode) at the fuel electrode, with oxygen evolution (OER, SOEC) and oxygen 

reduction (ORR, SOFC) being very active at the air electrode. This work has also shown that 

LSFCr is more active towards the reduction of CO2 than the oxidation of CO.  

The polarization resistance (Rp) observed at 800 oC from the open circuit (OCP) 

impedance data were 1.36 and 0.94 Ω cm2 in 90% CO2:10% CO and 70% CO2:30% CO, 

respectively. Based on the 2-electrode half cell studies of LSFCr electrodes in air at 800 oC, 

which gave a Rp value of 0.25 Ω cm2, the contribution of the air electrode to the observed Rp in 

the full cell studies, where CO/CO2 was fed to the fuel electrode and air to the oxygen electrode, 

was minimal.  However, as Rp of the full cell is still small relative to what has been reported for 

other mixed conducting oxides as a CO2/CO conversion electrode, the LSFCr fuel electrode can 

still be considered as a very good electrocatalyst. 

In terms of long-term performance, the LSFCr/GDC/YSZ/GDC/LSFCr cell showed a 

very stable activity towards the reduction of CO2 (and evolution of oxygen) during 133 h of 

galvanostatic testing, exhibiting only a 0.057 mV/h degradation rate. From the SEM images, no 

delamination was observed at either the fuel or oxygen electrodes after these medium term 

studies. 

Taken together, the results presented in this chapter clearly show that the LSFCr 

perovskite material can be employed as a stable and high performing electrode material for CO2 

reduction, CO oxidation, and also as a reversible oxygen electrode for use in symmetrical 

RSOFCs. 
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Chapter Seven: Three electrode half cell study of La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) electrodes 

in CO2/CO environments  

This chapter contains some data from a  published paper (B. Molero, P. Addo, A. Buyukaksoy, 

and V. Birss, Electrochemistry of La0.3Sr0.7Fe0.7Cr0.3O3 as an oxygen and fuel electrode for 

RSOFCs, Faraday Discussions, 2015. 182: p.159-175), reproduced by permission of The Royal 

Society of Chemistry. 

 

7.1 Introduction 

In Chapter 6, the electrochemical performance and stability of symmetrical, 2-electrode, 

full cells, employing La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) at both electrodes, was investigated, with 

CO2/CO mixtures fed to the fuel electrode and air fed to the oxygen electrode. However, in 2-

electrode cells, the electrochemical performance is controlled by the processes occurring at both 

electrodes, and yet the focus of this thesis is on the fuel side activity. Therefore, to fully 

understand the reaction activity and mechanism at the fuel electrode, a 3-electrode full or half 

cell configuration was required, as was also the case in parts of Chapter 4 during the study of H2 

reactions at Ni/YSZ (yttria stabilized zirconia) anodes. Use of a 3-electrode configuration allows 

the identification and quantification of the various electrochemical steps, ohmic losses, and 

diffusion limitations occurring at the gas/working electrode and working electrode/electrolyte 

interfaces.   

The overall CO2/CO reaction, using the Kroger-Vink notation for mixed ionic and 

electronic conductor materials, such as ceria and perovskites, is shown in Reaction 7.1,  

••

2 ( ) ( )2 (7.1)x

g O g OCO V e CO O    

 where Vo
··

 is an oxygen vacancy and Oo
x represents the lattice oxygen anion. The mechanism  

 

of CO2 reduction and CO oxidation on pervoskites is not well defined in the literature, although  

 

limited studies using operando ambient pressure X-ray photelectron spectroscopy (AP-XPS) to  
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probe the surface reaction at a doped ceria-based electrode have been reported255-257. These AP-

XPS studies showed that CO2 reduction on doped-ceria, which has a mixed valence of Ce3+ and 

Ce4+, goes through a stable carbonate intermediate step and that the coverage of carbonate is 

dependent on the surface concentration of Ce3+ 255-257. Also, they showed that, during cathodic 

polarization (CO2 reduction), the surface Ce3+ concentration increased with negative 

overpotential while the carbonate coverage became saturated255. However, during anodic 

polarization (CO oxidation), both the surface Ce3+ and carbonate concentration decreased with 

overpotential255. The general reaction can be written more specifically for a ceria electrode, as 

shown in Reaction 7.2 255.  

••

2 ( ) ( )2 2 (7.2)x x

g O Ce g O CeCO V Ce CO O Ce     

where Ce´Ce represents the Ce3+ cations, and Cex
Ce represents the Ce4+ cations. The simplified 

assumed reaction steps or pathways proposed by Feng et al.255 in the CO2 reduction direction are 

as follows: 

Step 1: Bulk Ce3+ and oxygen vacancy generation: 

-

, ,2( ) (7.3a)x

Ce b M Ce bCe e Ce  

•• ••

, ,2( ) (7.3b)O YSZ O bV V  

Step 2: Bulk Ce3+ and oxygen vacancy migration to the surface: 

Ce,b Ce,s2(Ce Ce ) (7.4a)   

•• ••

, ,2( ) (7.4b)O b O sV V  

Step 3: CO2 adsorption and carbonate formation, and first electron transfer: 

2 ( ) , , 3 , ,( )x x

g O s Ce s O s Ce sCO O Ce CO Ce            (7.5) 
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Step 4: CO formation and oxygen incorporation, and second electron transfer: 

••

3 , , , ( ) , ,( ) 2 (7.6)x x

O s O s Ce s g Ce s O sCO V Ce CO Ce O      

where the subscripts ‘b’, ‘s’, ‘M’ and ‘YSZ’ denote the bulk and surface species of the ceria 

electrode, the metal current collector, and the YSZ (yttria-stabilized zirconia) electrolyte, 

respectively.  

It was shown that the rate determining step occurs at the ceria-gas interface (Steps 3 and 

4)255 and that the bulk and near-surface migration of localized electrons and oxygen vacancies is 

not rate determining (Steps 1 and 2)255. It is assumed here that a similar series of steps will take 

place during CO2 reduction on the mixed conducting perovskite oxide under study here, which is 

mainly LSFCr.  

In a three electrode configuration, current flows between the counter (CE) and working 

(WE) electrodes and the overpotential at the WE is isolated from the potential of the entire cell 

by the use of a reference electrode (RE), allowing the characteristics of the WE to be obtained 

separately from the CE171, 172. However, there are numerous challenges associated with the use of 

a three electrode configuration in SOFCs and RSOFCs for the accurate measurement of the 

various electrochemical processes occurring at the WE171, 172, 258-261. Some of these include 

identifying the correct placement or position of the RE with respect to the WE and CE, and the 

alignment of the CE and WE versus each other171, 172, 258-261. Even so, various types of three 

electrode cell geometries/configurations have been investigated in recent years. These include 

embedding the RE into a thick electrolyte262 as well as placing the RE simply on the surface of 

the electrolyte of a planar cell but ensuring the correct distance from the WE171, 172, 258-262.  
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The planar cell configuration is simple and easy to fabricate. However, it has been 

reported that a misalignment between the CE and WE could result in either over or under 

estimation of the series (Rs) and polarization (Rp) resistances during impedance measurements 

171, 172. Also, placing the RE at a location where there is a equipotential distribution leads to 

errors or distortions in the impedance data171, 172, 262.  

As one criterion for these types of planar cells, the RE needs to be placed at a distance > 

3x the thickness of the electrolyte away from the WE171, 172, 262. The effect of misalignment of the 

WE and CE on the errors associated with impedance measurement is less severe as the thickness 

of the electrolyte increases262. Thus, it has been shown that accurate impedance data can be 

acquired by using an electrolyte as thick as 250 µm260. In this chapter, the thickness of the YSZ 

electrolyte was 300 µm, whereas in Chapter 4, a much thicker YSZ electrolyte (1000 µm) was 

used for the three-electrode study. The reason for using a 300 µm thick YSZ here was to allow a 

direct 3-electrode comparison with the CO2/CO performance data reported for the 2-electrode 

full cell study in Chapter 6, where LSFCr was used at both electrodes. 

LSFCr was also used in the present chapter as the WE, counter electrode (CE) and 

reference electrode (RE) (Figure 7.1) and then operated in a half cell mode on either pure CO2 or 

in mixed CO2/CO atmospheres. Both direct current (dc) and impedance measurements were used 

here to understand and separate the electrochemical processes occurring at the gas/LSFCr 

electrode (surface processes) and the LSFCr electrode/electrolyte interfaces (Figure 7.1b) during 

CO2 reduction and CO oxidation.  

 



 

166 

 

 

Figure 7.1 Schematic of (a) the LSFCr 3-electrode half cell configuration used and (b) the 

electrochemical processes occurring at the gas/electrode/electrolyte interface during CO2 

reduction and CO oxidation.  

 

It is shown in this chapter that the LSFCr WE is more active for the reduction of CO2 

than for the oxidation of CO. The low frequency resistance (R2), which is associated with 

surface processes occurring at the gas/electrode interface, such as adsorption, dissociation and 
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charge transfer, is found to dominate the polarization resistance, as the high frequency resistance 

(R1), due to ion transfer at the LSFCr/GDC interface, is quite small. Also, it is shown that 

comparing between the resistance values obtained from a 2- and 3-electrode half cell 

configuration helps to ascertain the validity and reliability of the electrochemical data collected 

in the 3-electrode set-up.  

 

7.2 Results and Discussion 

7.2.1  3-electrode half cell configurations 

Figure 7.1 shows the 3-electrode half cell configuration used to investigate the 

electrochemical performance of the La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) material towards the 

reduction of CO2 and oxidation of CO. As seen in Figure 7.1a, a relatively thick YSZ electrolyte 

(300 µm) was used and coated with a 25 µm Gd0.1Ce0.9O2-δ (GDC) buffer layer (one attached at 

each electrode), giving a 350 µm thickness in total.  This should be sufficiently thick so that the 

3-electrode data are reliable. It has been reported that an electrolyte thickness of > 250 µm and 

the geometry used here, with the RE placed to the side of the WE, but at a distance > 3x the 

thickness of the electrolyte away from the WE, should be safe260. In fact, in the present work, 

electrode placement was done very carefully, ensuring the symmetrical positioning and sizing of 

the WE and CE, both composed of LSFCr. Also, the thickness of the screen-printed CE and WE 

was very similar, thus achieving very similar electrochemical characteristics. 

 

7.2.2 Validation of 3-electrode half cell data 

One approach to confirm the validity of the results obtained from 3-electrode half cell 

testing under SOFC/SOEC conditions is to examine the measured impedance data, based on 
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different electrode pairs, such as WE/RE (3 electrode configuration) and WE/CE (2 electrode 

configuration)262. The comparison of the Rp values obtained from the impedance spectra of the 

WE/RE and WE/CE electrode pairs should then give an indication of the reliability of the 3-

electrode setup262.  

 Figure 7.2a shows the impedance spectra of a 3-electrode half cell (shown in 

Figure 7.1a) and a 2-electrode half cell in 70% CO2:30% CO at 800 oC. For simplicity and direct 

comparison, the series resistance, which is due mainly to the electrolyte, was removed from the 

Nyquist plots, with the data then fitted to the equivalent circuit shown in Figure 7.2b in both 

cases. An example of the good fits obtained of the EIS data to the selected equivalent circuit is 

shown in Figure 7.2b, giving a chi-squared value of < 10-4. It should be noted that all of the fits 

of the impedance data shown in this chapter gave similarly low chi-squared values. 

The Rp for the WE, obtained from the 3-electrode half cell, was ca. 0.80 Ω cm2, while the total 

Rp for the 2-electrode half cell was 1.6 Ω cm2. This indicates that the Rp contribution of each of 

the WE and CE in the 2-electrode half cell is the same, being 0.80 Ω cm2, respectively, which is 

also the same as the Rp obtained for the WE alone in the 3-electrode half cell. These results 

argue that the RE was placed at an appropriate location (Figure 7.1a) and that the data obtained 

in the 3-electrode cell are reliable. 
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Figure 7.2 (a) Impedance response (at the open circuit potential) of a LSFCr WE in a 3-

electrode cell and the two LSFCr electrodes in the 2-electrode half cell, both tested in 70% 

CO2:30% CO at 800 oC, and (b) the equivalent circuit model used to fit the data in (a). 

 

The Rp of 0.80 Ω cm2, obtained from the 3-electrode cell, was also compared to the Rp 

obtained in the symmetrical (2-electrodes, both LSFCr) full cells, shown in Chapter 6 (Figure 

6.17). From Figure 6.17, the Rp obtained for a 2-electrode full cell in 70% CO2:30% CO at 800 

oC was ca. 1 Ω cm2. As shown in Figure 6.21, LSFCr is a very good oxygen electrocatalyst, 

giving an Rp of ca. 0.25 Ω cm2 at 800 oC. As such, the Rp for the fuel electrode was ca. 0.75 Ω 

cm2. This again suggests that the Rp of ca. 0.80 Ω cm2, observed here for the WE in the 3-

electrode half cell experiment in Figure 7.2, is very reasonable.  
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7.2.3 LSFCr in 100% dry CO2 using 3-electrode half cell 

Figure 7.3 shows both the open circuit and polarized impedance data (all at overpotentials 

of +100 mV and -100 mV), obtained for the LSFCr WE in a pure CO2 atmosphere, showing 

three well-defined time constants, with one process seen at high frequencies (R1CPE1, at ca. 10 

kHz) and two at lower frequencies (R2CPE2 at 1 Hz and R3CPE3 at 0.05 Hz). Notably, in the 2-

electrode full cell studies of LSFCr in Chapter 6 (Figure 6.15), three time constants were also 

seen in pure CO2. CO2 alone was investigated here, partly to compare with the results obtained 

with the 2-electrode full cells in Chapter 6, but also to help identify any diffusion controlled 

processes.  This is because CO will be present in very low concentrations under these conditions, 

as it is generated only as the product of CO2 reduction under negative polarization.   

The 3-electrode half cell impedance data (Figure 7.3a), obtained both at the OCP and 

under polarization, were fitted to an Rs(R1CPE1)(R2CPE2)(R3CPE3) equivalent circuit (Figure 

7.3c), where the CPEs were again converted to capacitance (C) using Equation 4.3. Table 7.1 

shows the values of the circuit elements and the calculated capacitances under all of these 

conditions. From Table 7.1, the polarization resistance (Rp = R1+R2+R3) is smaller at -100 mV 

during CO2 reduction than at the OCP, and is the largest at +100 mV polarization in these 

experiments, which were carried out in the absence of CO in the gas feed stream. 
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Figure 7.3   OCP and polarized (+100 mV and -100 mV) impedance response of LSFCr WE 

in 3-electrode half cell, operated at 800 oC in 100% CO2, showing (a) the Nyquist plots, (b) 

the phase angle Bode plots, and (c) the equivalent circuit model used to fit the data in (a). 

 

 

Table 7.1 Fitted parameters* from Figure 7.3a** using the 

Rs(R1CPE1)(R2CPE2)(R3CPE3) equivalent circuit model (Figure 7.3c) 

Potential 

(mV) 

R1 

(Ω cm2) 

C1# 

(F/cm2) n1 

R2 

(Ω cm2) 

C2# 

(F/cm2) n2 

R3 

(Ω cm2) 

C3# 

(F/cm2) n3 

Rp$ 

(Ω cm2) 

 

OCP 0.20 8.7x10-5 0.64 1.1 0.13 0.67 13 0.68 0.97 14 

 

+100  0.25 6.5x10-6 0.38 0.91 0.14 0.71 41 0.85 1.0 42 

 

-100  0.22 8.2x10-5 0.64 0.87 0.17 0.67 2.8 0.67 0.82 3.9 

 

*(R1, C1, n1) were obtained from the high frequency (10 kHz) arc, while (R2, C2, n2) and (R3, 

C3, n3) are from the low (1 Hz) and still lower (0.05 Hz) frequency arcs, respectively.  

**3-electrode LSFCr half cell, operated at 800 oC in 100% CO2.  

# C1, C2 and C3 represent the high, low and lower frequency capacitors, respectively, and were 

calculated using Equation 4.3. 

$ Rp = R1+R2+R3. Rp values may not add up due to internal rounding. 

 

 

(a) (b) 

(c) 
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The resistance associated with the high frequency arc (R1, at ca.1-10 kHz) in Figure 7.3 

was suggested in Chapters 5 (Section 5.2.5), and in the literature for similar MIEC oxide 

electrodes224, 225, to be due to oxide ion charge transfer at the electrode/electrolyte interface. This 

was consistent with the insensitivity of the high frequency arc characteristics to H2S exposure in 

Chapter 5 (Section 5.2.5). This interpretation is strengthened here by the relatively low value of 

the parallel capacitor (C1, 0.06- 0.9 x 10-5 F/cm2) in Table 7.1, which is typical for an interfacial 

capacitance224, 225.  

In terms of R2 and C2 (at ca. 1 Hz), C2 may be reflective of the chemical capacitance 

(changes in stoichiometry) of the LSFCr material, as was discussed also in Chapter 6 for the 

capacitance seen in this frequency range for this catalyst. The presence of a chemical capacitance 

is typical for mixed ionic and electronic conducting (MIEC) materials and is related to changes 

in stoichiometry (redox chemistry) of the MIEC during operation 46, 247, 263. As seen in Table 7.1, 

C2 is in the range of 0.13-0.17 F/cm2 and is relatively independent of polarization. The fact that 

C2 is the largest at -100 mV (0.17 F/cm2) vs. at the OCP and at +100 mV polarization may 

indicate that more oxygen vacancies are created in this potential range due to the enhanced redox 

chemistry of Fe4+ to Fe3+ in LSFCr under these conditions. R2 is only weakly dependent on 

overpotential (Table 7.1), but this would be expected at a 100 mV overpotential, which is in the 

linear (ohmic) range in 3-electrode experiments. 

The low frequency arc (R3C3, at ca. 0.05 Hz)  is ascribed to a gas diffusion process (likely 

CO oxidation), as the C3 values are very large, being in the range of 0.67-0.85 F/cm2, similar to 

what was reported by others for gas diffusion control196, 264, and also as they are essentially 

independent of overpotential. Further, the n3 values are generally close to unity 196, 264, which is 

typical of gas diffusion rate control. R3 is much higher under anodic vs. cathodic polarization, 
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presumably because there is no CO in the gas stream and thus only the small quantities of CO 

generated during CO2 reduction are available for the oxidation process to occur under anodic 

polarization. In contrast, under cathodic polarization, R3 is quite small, since CO2 is being 

rapidly reduced to CO. Notably, this low frequency arc (R3C3), observed at ca. 0.05 Hz, is seen 

in both the 3-electrode half cell work in Figure 7.3 and was also seen in the 2-electrode full cell 

studies (Figure 6.15), showing good agreement between these two sets of results. 

Cyclic voltammetry (CV) was also carried out to obtain further insights into the 

electrochemical mechanism of CO2 reduction and CO oxidation at the LSFCr working electrode 

(WE) in pure CO2 environments. The CV (5 mV/s) in Figure 7.4 shows higher current densities 

in the cathodic scan than in the anodic direction, which is not surprising, since there is no CO in 

the gas stream. This also agrees with the observed anodic limiting current density (concentration 

polarization) observed from 0 to + 0.7 V, in full agreement with the EIS data and the discussion 

of Figure 7.3.  

 

Figure 7.4 Cyclic voltammetry data obtained for LSFCr WE in 3-electrode half cell, 

operated at 800 oC in pure CO2 at 5 mV/s.   
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In the cathodic direction, Figure 7.4 shows a gradually increasing current density as CO2 

reduction commences, with a peak observed at ca. -0.25 V. A similar peak has been reported by 

Sapountzi et al.245, using La0.75Sr0.25Cr0.9Fe0.1O3-δ in CO/CO2 atmospheres, and has been 

attributed to the redox chemistry of the perovskite oxide. Here, it is proposed that this peak 

reflects the reduction of Fe4+ to Fe3+ in the LSFCr lattice, or at least its surface, with the 

associated formation of oxide ion vacancies, equivalent to the chemical capacitance seen in the 

impedance results in Figure 7.3. It is uncertain, however, why a matching anodic peak is not then 

observed in the positive scan, regenerating the Fe4+ content. 

In summary, in pure CO2 environments at 800 oC, the 3-electrode work carried out in 

Section 7.2.3 has shown that, at the OCP, the low frequency diffusion-related resistance (R3, 

0.05 Hz) dominates the polarization resistance (Rp). However, under cathodic polarization (CO2 

reduction), R3 decreases significantly (by ca. 20 times), likely as there is no shortage of CO2 in 

the gas atmosphere, leading to an overall decrease in Rp. 

 

7.2.4 LSFCr in 30% CO2:30% CO (balance N2) in using 3-electrode half cells 

 To further evaluate the performance of the LSFCr WE towards CO2 reduction and also 

CO oxidation in the 3-electrode cell, in comparison with the 2-electrode full cells studied in 

Chapter 6, a 30% CO2:30% CO ratio (1:1) was fed to the cell. Figure 7.5 shows the OCP and 

polarized impedance data at 800 oC, revealing that LSFCr performs better in the cathodic mode 

(reduction of CO2) than in the anodic mode (CO oxidation). As this was also observed in Chapter 

6, this suggests that there are some real kinetic differences between these two reactions. 

 Only two time constants appear under these CO2/CO conditions, similar to what was seen 

in the 2-electrode half cell studies (Figures 7.2a and 5.12).  Thus, the Nyquist plots in Figure 7.5a 
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were fitted to a Rs(R1CPE1)(R2CPE2) equivalent circuit model (Figure 7.5c). The (R3CPE3) 

time constant, observed at very low frequencies (0.05 Hz) in the pure CO2 environment in Figure 

7.3a and ascribed to gas phase diffusion limitations (likely of CO), is minimal or barely 

detectable in Figure 7.5a and thus it was excluded from the fitting model. Table 7.2 shows the 

fitted parameters, demonstrating that the polarization resistance (Rp) at the OCP is 0.87 Ω cm2, 

while at +100 mV, it is 1.4 Ω cm2, and at -100 mV, Rp is 0.67 Ω cm2. The Rp values obtained 

for the cell operated on CO2/CO gas mixtures are lower than in pure CO2 (Table 7.1) because 

there are no gas phase limitations in this CO2/CO study. 

 

 

Figure 7.5 OCP and polarized (+100 mV and -100 mV) EIS response of the LSFCr WE in 3 

electrode half cell experiment at 800 oC in 30% CO2:30% CO:40% N2, showing (a) the 

Nyquist plots, (b) the phase angle Bode plots, and (c) the equivalent circuit model used to 

fit the data in (a).  

 

(a) (b) 
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In the CO2/CO system (Figure 7.5), the low frequency capacitance (C2) (Table 7.2) is 

now slightly higher in value than in 100% CO2 (Table 7.1). If it still reflects the LSFCr chemical 

capacitance, then this is perhaps not surprising because the cell is now in a more reducing 

environment, which would lead to an increase in the concentration of oxygen vacancies as more 

of the B site cations are reduced. The n2 parameter in the CO2/CO atmosphere (Table 7.2) 

remains unchanged vs. the situation in pure CO2 (Table 7.1), showing values of around 0.65, 

independent of potential. However, R2 in the CO2/CO atmosphere, assigned in the pure CO2 

studies to be due to the processes occurring at the gas/electrode interface (e.g., CO2/CO 

adsorption and dissociation), is about 50% lower than in pure CO2 at both the OCP and at -100 

mV. In contrast, R2 in the CO2/CO environment at +100 mV is the same as seen in pure CO2.  

 Again, the high frequency resistance (R1) in the CO2/CO environment is ascribed to the 

oxygen anion exchange at the underlying LSFCr/GDC interface, as was also the case in the 

100% CO2 and discussed in Chapters 5 and 6. Also, the high frequency C1 values are typical of 

interfacial capacitances of this kind (10 -5 F/cm2), as was also the case in 100% CO2.  

Table 7.2 Fitted parameters* from Figure 7.5a** using the Rs(R1CPE1)(R2CPE2) 

equivalent circuit model (Figure 7.5c). 

Potential 

(mV) 

R1 

(Ω cm2) 

C1# 

(F/cm2) n1 

R2 

(Ω cm2) 

C2# 

(F/cm2) n2 

Rp$ 

(Ω cm2) 

OCP 0.31 5.8x10-5 0.52 0.57 0.47 0.65 0.87 

+100  0.41 4.8x10-5 0.53 0.94 0.26 0.63 1.4 

-100  0.16 9.1x10-5 0.65 0.51 0.86 0.66 0.67 

 

*(R1, C1, n1) and (R2, C2, n2) from high (10 kHz) and low (1 Hz) frequency arcs, respectively.  

** 3-electrode (LSFCr) half cell, operated at 800 oC in 30% CO2:30% CO:40% N2. 

# C1 and C2 represent the capacitance in the high and low frequencies arcs, respectively, and 

were calculated using Equation 4.2.  

$ Rp = R1+R2. Rp values may not add up due to internal rounding. 
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Figure 7.6 shows the CV of the LSFCr WE in 30% CO2:30% CO:40% N2 at 1 mV/s at 

800 oC. It is interesting to note that much higher current densities are again observed in the 

negative scan during the reduction of CO2 to CO than in the positive scan during the oxidation of 

CO to CO2. This shows that CO oxidation is slower than CO2 reduction at LSFCr electrodes, 

consistent with the impedance data (Figure 7.5, Table 7.2) and perhaps suggesting that a CO 

adsorption step is the rate limiting step. Even so, the performance of the LSFCr electrode 

towards CO oxidation is quite good, comparable to what has been reported for other types of 

perovskites, such as La1-xSrxCr1-yMnyO3-δ 103. 

 

Figure 7.6 Cyclic voltammetry (CV) data obtained for LSFCr WE in 3-electrode half cell at 

800 oC in 30% CO2:30% CO:40% N2 at 1 mV/s. 

 

It is also interesting that the CO2 reduction currents are roughly 10 times higher in the 

30% CO2:30% CO mixture (Figure 7.6) than in 100% CO2 (Figure 7.4), perhaps due to the fact 

that the LSFCr material (WE and RE) is in a different redox state in these two CO2-containing 

environments. The potential of the CO2/CO equilibrium (0 V in Figure 7.6) is ca. 670 mV more 
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negative (more reducing) than in pure CO2, arguing that a higher concentration of Fe3+ should be 

present at the surface, according to Reaction 7.7. 

••

2 ( ) ( )2 2x x

g O Fe g O FeCO V Fe CO O Fe         (7.7) 

where Fe´Fe represents the Fe3+ cations and Fex
Fe represents the Fe4+ cations. According to 

Reaction 7.7, an increase in the surface concentration of Fe3+ sites and of oxygen vacancies 

should favour the reduction of CO2. It has been reported that near surface oxygen vacancies are 

energetically favourable for CO2 activation 255. This is in agreement with the explanation given 

for the magnitude of R2 and C2 in Table 7.2, where a lower R2 and higher C2 are seen at -100 

mV polarization vs. at the OCP. The excellent performance in the cathodic direction during CO2 

reduction could potentially also be due to preferential adsorption of CO2 on the active sites.  

To further analyze the CV data, the low field exchange current density (io) was obtained 

from the slope of the i-V plot (Figure 7.6) within ± 50 mV of the OCP, based on Equation 7.8:  

(7.8)o

p

RT RT
i slope

nF nFR

 
   

where io is the exchange current density, R is the gas constant, T is temperature, F is the Faraday 

constant, n is the number of electrons, ν is the number of occurrence of the rate limiting step, and 

Rp is the polarization resistance. For the CO2/CO reduction reaction, n and ν were assumed to be 

2 and 1, respectively (as the total number of electrons passed per molecule (n) of CO2 reduced is 

2 and the number of occurrence of the rds (ν) would probably be 1).  

The io values obtained from the low field CV analysis were then compared to the io 

values obtained from the EIS-determined Rp values at the OCP (using Equation 7.8) (Table 7.2), 

giving fairly similar values, i.e., 41 mA/cm2 from CV and 53 mA/cm2 from the impedance data. 

These high io values are fully consistent with the excellent activity of the LSFCr catalyst towards 
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the CO/CO2 redox process. Notably, the high field Butler Volmer approximation was not used 

here because it is questionable if Butler Volmer formalisms can be applied to electrochemical 

data acquired at a WE material that is changing its composition (and catalytic activity) over the 

potential range being analysed. 

Overall, in 30% CO2:30% CO:40% N2 environments at 800 oC, the 3-electrode work 

described in Section 7.2.4 has confirmed that, under cathodic polarization, the LSFCr WE is 

more active for the reduction of CO2 than the oxidation of CO under anodic polarization, giving 

both a lower polarization resistance and higher current density values.  Because the CO2 and CO 

partial pressures were the same in this work, this indicates that there are intrinsic differences in 

the reaction mechanism or in the energetics related to the interactions of these two gases at the 

LSFCr surface.  It is also possible that Fe and Cr are in different oxidation states at positive and 

negative overpotentials, thus influencing the catalyst reactivity. 

 

 

7.2.5 Performance of LSFCr WE in fixed CO content (balance CO2) 

 Figure 7.7 shows that open circuit potential (OCP) Rp value increases slightly when the 

CO content was fixed but the CO2 content was increased from 30 % to 70%, balance N2. The fact 

that only a small change is seen could make sense, as the Nernst equilibrium potential is 

expected to be quite similar in these two environments. Even so, it is seen that the low frequency 

arc resistance increases slightly when the CO2 content is increased, contrary to expectations. The 

low frequency resistance (R2) is attributed to surfaces processes (adsorption, dissociation, 

electron transfer) occurring on the LSFCr catalyst and increases slightly from 0.57 Ω cm2 to 0.62 

Ω cm2 with an increase in CO2 content. It is possible that adsorbed CO2 is adsorbing fairly 

strongly on the surface of LSFCr, leading to this slight decrease in performance. This is 
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consistent with the FTIR spectroscopy results in Chapter 6 (Figure 6.5), where a small band 

corresponding to the asymmetric stretching mode of the C-O bond was observed at 1471 cm-1 

when LSFCr powder was exposed to pure CO2 for 24 h at 800 oC. 

 
Figure 7.7 OCP EIS response of LSFCr in 3-electrode half cell, operated at 800 oC in either 

70% CO2:30% CO or 30% CO2:30% CO:40% N2 environments. 

 

7.2.6 Effect of more extreme cathodic polarization of LSFCr WE on CO2 reduction 

The effect of more extreme negative polarization on the activity of the LSFCr WE on 

CO2 reduction in a 90% CO2:10% CO gas mixture at 800 oC was evaluated in more detail to 

obtain more insight into how the high (R1CPE1) and the low frequency (R2CPE2) processes 

would be affected. Figure 7.8 shows the impedance data acquired at the OCP and under negative 

bias. From Figure 7.8a, the Rp is seen to decrease quite significantly with polarization.  As 

expected, the negative bias affects mainly the low frequency resistance, causing R2 (related to 

the CO2 adsorption/dissociation/reduction process at the LSFCr surface) to decrease with 

increasing polarization (OCP to -300 mV, Table 7.3), while the resistance associated with the 

high frequency process (R1, related to the underlying GDC/LSFCr interface) remains essentially 
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unchanged. This behavior is clearly seen in the phase angle Bode plot (Figure 7.8b), where the 

low frequency process at 1 Hz changes more than does the high frequency process (10 kHz).  

 

 

Figure 7.8 OCP and negatively polarized EIS response of LSFCr WE in 3-electrode half 

cell, operated at 800 oC in 90% CO2:10% CO, showing (a) the Nyquist plots, (b) the phase 

angle Bode plots, and (c) the resistance vs. overpotential plot. 

 

To quantify and then better understand the trends of the various parameters (R, n and C) 

that were obtained with negative polarization, the Nyquist plots (Figure 7.8a) were fitted with the 

Rs(R1CPE1)(R2CPE2) equivalent circuit model (Figure 7.5c). Table 7.3 shows the fitted 

parameters, while Figure 7.8c shows a plot of the resistances obtained from the fitting vs. 
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overpotential. From Table 7.3 and Figure 7.8c, it is seen that there is a slight decrease in R1, 

related to the oxide ion charge transfer at the electrode/electrolyte interface, with increasing 

polarization. As stated earlier, C1 can be ascribed to interfacial capacitance because of its low 

value (10-5 F/cm2), as seen in Table 7.3.  

From Figure 7.8c, it is seen that Rp is dominated by the low frequency resistance (R2). 

Table 7.3 shows that R2 decreased from ca. 1.1 Ω cm2 at OCP (0 mV) to 0.30 Ω cm2 at -300 mV 

bias, while C2 increased from 0.14 F/cm2 at OCP to 0.37 F/cm2 at -300 mV. The increase in C2 

with increasing negative bias can be attributed to an increase in the number of oxygen vacancies 

with polarization, as expected for chemical capacitance behavior (discussed in Section 7.2.3). 

Again, R2 is probably due to the adsorption/dissociation/reduction of CO2 at the gas/electrode 

interface, as indicated earlier (Section 7.2.3) and in Figure 7.3a. 

Table 7.3 Fitted parameters* from Figure 7.8a** using the Rs(R1CPE1)(R2CPE2) 

equivalent circuit model (Figure 7.3c). 

Potential 

(mV) 

R1 

(Ω cm2) 
n1 

C1 

(F/cm2) 

R2 

(Ω cm2) 

C2 

(F/cm2) 
n2 

Rp 

(Ω cm2) 

OCP 0.42 0.56 6.4 x 10-05 1.1 0.14 0.71 1.5 

-50 0.41 0.60 4.9 x 10-05 0.87 0.19 0.65 1.3 

-200 0.37 0.59 6.0 x 10-05 0.48 0.31 0.68 0.85 

-300 0.36 0.65 6.1 x 10-05 0.33 0.37 0.62 0.70 

 

*(R1, C1, n1) and (R2, C2, n2) obtained from the high (10 kHz) and low (1 Hz) frequency arcs, 

respectively.  

** 3-electrode (LSFCr) half cell, operated at 800 oC in 90% CO2:10% CO. 

# C1 and C2 represent the capacitance in the high and low frequencies arcs, respectively, and 

were calculated using Equation 4.3.  
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7.3 Summary  

In this chapter, the electrochemical performance of the mixed conducting 

La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) perovskite has been studied in detail, both at open circuit and 

under polarization, in a 3-electrode half cell configuration in pure CO2 and CO2/CO mixtures at 

800 oC. The 3-electrode half cell configuration allowed for the isolation of the electrochemical 

processes occurring at the LSFCr working electrode (WE) during CO2 reduction and CO 

oxidation. It is shown, using impedance spectroscopy (EIS) and cyclic voltammetry (CV), that 

the performance of this material in all of these gas environments is very good. The study also 

showed conclusively that LSFCr is a better catalyst for CO2 reduction than for CO oxidation, 

indicating an overall better performance in the electrolysis vs. fuel cell mode, consistent with 

what was observed in Chapter 6. This may be related to the different oxidation state (density of 

oxygen vacancies) of the LSFCr surface under these two conditions.  

  The low frequency arc, now arising only from the LSFCr WE, is ascribed to surface 

processes occurring at the gas/LSFCr electrode interface, while the high frequency arc appears to 

relate to oxide ion transfer at the underlying LSFCr electrode/GDC electrolyte interface. The 

surface processes within R2 include the adsorption and dissociation of the CO2 and CO gas 

molecules and desorption of products, and electron transfer steps. As expected, it was observed 

that both the high (R1) and low (R2) resistances decreased with increasing cathodic 

overpotential. However, R2 was strongly influenced by increasing overpotential, consistent with 

what is expected for charge transfer reactions.  

In both CO2 and CO/CO2 environments, there was good evidence for the presence of a 

chemical capacitance (low frequency capacitor, C2), as also seen from the significant effect of 

the reducing atmosphere (CO2 vs. CO2/CO) on the rate of the CO/CO2 redox reactions. This was 
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ascribed to changes in the oxidation state of the Fe component (and related changes in the oxide 

ion vacancy concentration) of LSFCr in these different gas environments.  

 

  



 

185 

Chapter Eight: Conclusions and Suggested Future Work 

8.1 Main conclusions of this thesis work 

The main focus of this thesis was to develop high performance sulfur and coke tolerant 

fuel electrodes for reversible solid oxide fuel cell (RSOFC) applications. RSOFCs are single 

units that can run in both the solid oxide fuel cell (SOFC) and solid oxide electrolysis cell 

(SOEC) modes. The conventional fuel electrode for use in RSOFCs is Ni-yttria-stabilized 

zirconia (YSZ). However, in both SOFC and SOEC modes, they are susceptible to sulfur 

poisoning at operating conditions (Chapter 4). Therefore, the development of sulfur tolerant fuel 

electrode materials, such as La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca, (LMFCr)), is very important 

(Chapter 5).   

In this thesis work, a key outcome has been the demonstration that both 

La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) and La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr) perovskites are very good 

electrocatalysts for use as fuel electrodes for RSOFC applications. This was confirmed in a range 

of gases, including humidified H2 and in CO2/CO mixtures. In all cases, the observed Rp values 

are at least as good as or better than reported for other metal oxide-based electrodes, such as  

La1-xSrxCr1-yMyO3-δ-GdxCe1-xO2-δ (LSCM-GDC)102 

Another novel and important contribution has been in showing and understanding the 

unusual effects of ppm levels of H2S on Ni-YSZ and LMFCr electrodes as a function of 

temperature. In Chapters 4 and 5, an extensive study was carried out to understand the effect of 

low ppm levels of H2S on the electrochemical performance of Ni-YSZ and LMFCr fuel 

electrodes, operated on humidified H2, with or without the addition of ≤ 10 ppm H2S, over a 

temperature range of 500-800 oC.  In Chapter 4, the electrochemical investigation of a Ni-YSZ 

fuel electrode, based on a 3-electrode half cell configuration, showed that at ≤ 650 oC, exposure 
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to ≤ 10 ppm H2S led to an unexpected activation of the hydrogen oxidation reaction (HOR), 

while at temperatures > 650 oC, H2S exposure led to deactivation of the performance of the cell. 

This activation seen at ≤ 650 oC was surprising, because it has been reported that the extent of 

H2S poisoning of Ni-YSZ fuel electrodes should be more severe at lower temperatures. 

Therefore, various surface and bulk characterization techniques and density function theory 

calculations (DFT) were employed to further understand this activation behaviour. Based on 

these analyses, it was concluded that a Ni-S species (e.g., Ni3S2) may have formed locally at the 

triple phase boundary (TPB) with YSZ, where the pH2 could be depleted, thus lowering the 

energy barrier for H2 oxidation, as shown by density functional theory calculations.  

In Chapter 5, the opposite trend was observed when a La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr) 

fuel electrode was exposed to ≤ 10 ppm H2S, using both symmetrical half and full cell 

configurations. Now, activation of the HOR was seen at > 700 oC, while deactivation behavior 

was observed at ≤ 700 oC. Based primarily on XPS analysis, it was suggested that the activation 

was due to an increase in the density of surface terminated-FeO2 species, thereby improving the 

HOR rate.  Importantly, it was shown that the S poisoning observed at lower temperatures could 

be very rapidly reversed, arguing again that H2S exposure modified only the surface of the 

LCFCr electrode. 

Another important outcome of this thesis work is related to the rigorous and first time 

study of the chemical stability and electrochemical performance of La0.3Sr0.7Fe0.7Cr0.3O3-δ 

(LSFCr) as a fuel electrode in CO2/CO environments, investigated in Chapters 6 and 7. The 

primary conclusion of Chapter 6 was that the LSFCr material is structurally stable in pure CO2, 

with no formation of any carbonate species, while in 70% CO2:30% CO environment, minor 

impurities were observed. However, these impurities did not have any negative effect on the 
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electrochemical performance of the cell. Also, it was shown that exposure of LSFCr to CO/N2 

atmospheres led to the formation of secondary phases, such as a LaSrFeO4-based phase 

(K2NiF4), as well as carbon deposition. However, the perovskite phase could be recovered when 

the decomposed powder was re-exposed to air. Even so, Chapter 6 showed that a symmetrical 

RSOFC, based on two LSFCr electrodes, with CO2/CO mixtures fed to the fuel electrode and the 

oxygen electrode exposed to air, exhibited better performance than other perovskites-based 

electrodes reported in the literature102 (e.g., La1-xSrxCr1-yMyO3-δ-GdxCe1-xO2-δ (LSCM-GDC)).  

Chapter 7 explored the reliability of using a 3-electrode half cell configuration to 

understand the various electrochemical processes occurring at the LSFC working electrode 

(WE). A careful comparison of the impedance data from a 2-electrode half cell and a full cell vs. 

the 3-electrode half cell was made, showing good agreement in the polarization resistance 

values. This argued that the data collected in Chapter 7 using the 3-electrode half cell 

configuration for the CO2/CO reactions at the LSFCr WE were reliable.  This allowed the 

conclusion to be reached that the LSFCr electrocatalyst is intrinsically more active for the 

reduction of CO2 than for CO oxidation. 

Overall, this thesis has shown that, in the presence of low ppm H2S, the rate of the 

hydrogen oxidation reaction (HOR) is enhanced at lower temperatures (≤ 650 oC) for Ni-YSZ 

fuel electrodes and at higher temperature (> 700 oC) for the LCFCr fuel electrodes. Also, it was 

shown that LSFCr-based RSOFCs can be operated in CO2/CO mixtures in both the SOFC and 

SOEC modes, with a somewhat better performance observed in the SOEC mode than in the 

SOFC mode. 
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8.2 Suggestions for future work. 

The following are some of the research ideas that could be further investigated: 

(a) Improved characterization of Ni-YSZ and La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca, (LMFCr)) 

fuel electrodes  

Although quite a range of techniques were used in this thesis to try to understand what was 

causing the enhancement of the hydrogen oxidation reaction (HOR), seen for both Ni-YSZ and 

La0.3Ca0.7Fe0.7Cr0.3O3-δ (LCFCr), in the presence of low ppm H2S, the use of additional 

approaches could be useful.  This could include aberration-corrected transmission electron 

microscropy (TEM) with electron energy loss spectroscopy (EELS) to investigate the structural 

and chemical changes occuring at the Ni-YSZ interface and on the LCFCr material at the 

nanoscale level, with and without the presence of H2S. Also, an in situ high temperature XPS 

analysis of Ni-YSZ and LCFCr in the presense of H2S would be very useful. Furthermore, a 

comparison of the sulfur tolerance of LCFCr and LSFCr should be made.  Further, density 

functional theory (DFT) calculations of the interaction of H2S with LMFCr and its effect on the 

hydrogen oxidation reaction, at varying temperatures, should be carried out to help further 

understand the experimental results. 

 

(b) Chemical stability of LMFCr in CO2 and CO2/CO environments 

This thesis only reported the chemical stability of LSFCr in CO2/CO atmospheres. Therefore, 

a study of the chemical stability of the Ca analog (LCFCr) should also be investigated in these 

gases. A detailed high resolution transmission electron microscopy (HRTEM) analysis for both 

of the LSFCr and LCFCr materials should be carried out to fully understand the structural 
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stability of these perovskites in CO2/CO and CO/N2 atmospheres. A detailed study of the carbon 

deposition and the coke tolerant behaviour of LMFCr should also be carried out.  

 

(c) In-operando atmospheric pressure (AP)-XPS analysis of LMFCr in CO2/CO 

An in-operando AP-XPS analysis of the LMFCr-half cells should be carried out to better 

understand the reaction mechanisms during CO2 reduction and CO oxidation at the LMFCr 

working electrode (WE), as well as the redox chemistry of the LMFCr during operation. 

 

(d) Electrolysis of H2O and/or CO2 based on LMFCr RSOFC 

It was demonstrated in this work that LSFCr is a good electrocatalyst for CO2 reduction and 

CO oxidation. However, its stability and performance in high steam contents is still lacking. 

Therefore, the performance and long term stability (e.g., 1000 h) of the LMFCr-based RSOFCs 

for the co-electrolysis of H2O/CO2 to synthesis gas should be investigated. Further, a rigorous 

gas composition analysis of the output gas during co-electrolysis should also be performed. 

 

(e)  Improving stability of LMFCr in reducing atmospheres 

It was shown in Chapter 6 that LMFCr is unstable in highly reducing atmospheres. Thus, 

methods to improve the stability, e.g., the addition of ceria to the electrode material, should be 

investigated. 
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the re-use of published papers shown in Chapters 4-7. 
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