
A STUDY OF LANTHANUM NICKELATE CATHODES FOR EMPLOYMENT IN SOLID OXIDE FUEL CELLS 

by 

CHRISTOPHER HARRISON 

 

A thesis submitted to the University of Birmingham for the degree of 

DOCTOR OF PHILOSOPHY 

 

Centre for Doctoral Training in Fuel Cells and their Fuels 

School of Chemical Engineering 

College of Engineering and Physical Sciences 

University of Birmingham 

February 2023 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 



I 
 

Abstract 
 

The current state-of-the-art cathode materials used in Solid Oxide Fuel Cells (SOFC) are doped 

lanthanum cobaltite perovskites (e.g. La0.6Sr0.4Co0.2Fe0.8O3 (LSCF6428)). These ceramics, with the ability 

to transport both electrons and oxygen ions through their crystal lattice are employed in many 

commercial cells available today. However, there are several degradation-related concerns relating to 

these materials and there have been numerous attempts to explore alternatives. One family of 

materials that has been suggested to offer promise in overcoming these issues is the lanthanum 

nickelates (e.g. doped LaNiO3, La2NiO4). In particular, it has been suggested by a number of researchers 

that these materials can alleviate the degradation associated with so-called chromium poisoning. 

However, despite some apparent associated advantages, a move away from the use of lanthanum 

cobaltite cathodes has failed to materialise. One possible reason for this is that, simply, these 

alternatives offer an inferior standard of performance in comparison with the conventional materials. 

However, given the sheer volume of research work in this area and the very many attempts to 

characterise and optimise electrode performance, it can be difficult to ‘benchmark’ materials and 

understand the performance range that is achievable. Further, many authors fail to offer direct 

comparisons with the state-of-the-art, often making results difficult to interpret due to a lack of a 

relative comparison. The work detailed in this thesis attempts to address this by offering a more direct 

understanding of how lanthanum nickelate electrodes perform in relation to the state-of-the art. 

Importantly, this can help to inform on future research directions in this area. 

In this work, the lanthanum nickelates are shown to offer relatively inferior performance in 

comparison with the state-of-the-art LSCF. This is apparent both by considering data in the literature 

(Chapter 2) and by conducting direct comparisons under the same experimental conditions (Chapters 

4 and 5). This would appear to contradict statements around the suitability of the lanthanum 

nickelates in replacing state-of-the-art electrodes. However, it is also apparent that the performance 
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of materials can be optimised via a number of routes. Notably, an increase in electrode sintering 

temperatures is shown to promote electrode performance. This improvement is thought likely to be 

associated with enhanced electrode morphology and particle connectivity. A further approach to 

boosting lanthanum nickelate electrode performance is to combine them with other phases to form 

composite electrodes. In particular, the combination of LaNi0.6Fe0.4O3 (an excellent electronic 

conductor) with an oxide conducting phase (e.g. GDC) has been shown to offer real promise in this 

regard.  

In addition to observations on the performance of the studied materials, the extent of the 

experimental work conducted in this thesis (and the breadth of the materials studied) allows for some 

comment on certain SOFC testing approaches. Firstly, it has been shown that the use of noble metal 

pastes (often applied to electrodes in experimental works to provide electrical contact) can 

disproportionately impact on the reported performance of electrode materials. For those electrode 

materials with relatively low electrical conductivity, for example, the addition of gold paste can 

significantly enhance electrode performance. This effect is lessened for materials with more 

favourable conductivity properties. This creates an interesting dilemma with respect to comparing 

results across different studies (where pastes may or may not be applied).    

As is evident in the literature, the so-called symmetrical cell testing approach is a common means by 

which the performance of electrodes can be quantified. These tests have several advantages 

(including the ability to remove associated contributions from the anode side of the cell). However, as 

is shown in Chapter 5, the conclusions that may be drawn from such tests can be misleading; the 

results from the symmetrical cell testing methodology (performed at a ‘zero current’ condition) do 

not always correspond well with those recorded in more conventional ‘single cell’ testing approaches 

(i.e. performance under polarisation). This is a notable finding given the prevalence of this testing 

approach in the literature, with some authors using this as a sole means of identifying promising 

materials. The results from this thesis suggest that such a singular approach should be avoided.  



III 
 

Acknowledgements 
 

I have been lucky enough to spend my PhD experience with some excellent friends in both the 

chemistry and chemical engineering departments at the University of Birmingham. This network of 

peers has offered both technical and emotional support throughout the last few years and this work 

would not have come to fruition without them. Special mentions must go to my SOFC pals Zeyu Jiang, 

Bhargav Pandya, Abigail Snowdon and Abu Siddiq who I have worked closely with over the last few 

years and to Matt James and Abbey Jarvis whose chemistry-based support in the early days of this 

PhD was invaluable. I would also like to take this opportunity to thank my supervisors, Professor 

Robert Steinberger-Wilckens, for granting me the opportunity to return to academia to study for this 

PhD and for his valued SOFC expertise during this work, and to Professor Peter Slater for helping me 

to navigate the intriguing world of solid-state chemistry. Additionally, I must also acknowledge the 

fantastic support I have received from, and thank, the many talented academics, technical staff and 

post-docs at the university and beyond (Dr Ahmad El-kharouf, Dr James Courtney, Dr Bernardo Sarruf, 

Dr Kun Zhang, Dr Satish Pandiyan, Dr Dino Klotz, Dr Alan Martin, Dr Ludwig Schneider, Dr Jackie Deans, 

Chyntol Kanhimbe and Manzo Brown). Thanks must also go to Dr Tom Harrison for his support with 

often quite random queries around the English language and academia, to Chloe Harrison for her 

unique perspectives on life and to my good friend Rich Walker, a constant inspiration. Finally, a special 

mention must go to Shirley Harrison, Eddie Harrison and Niamh Mobberley for their unwavering love 

and support; this thesis is dedicated to them.  

 



IV 
 

Table of contents 
 

Abstract .................................................................................................................................................... I 

Acknowledgements ................................................................................................................................ III 

Table of contents ................................................................................................................................... IV 

List of figures ........................................................................................................................................ VIII 

List of tables .......................................................................................................................................... XV 

Acronyms and abbreviations ............................................................................................................... XVI 

Nomenclature ..................................................................................................................................... XVII 

1 Introduction .................................................................................................................................... 1 

1.1 Context .................................................................................................................................... 1 

1.1.1 A crisis in climate and energy security ............................................................................ 1 

1.1.2 Renewables, electrification and its challenges ............................................................... 2 

1.1.3 A ‘hydrogen economy’ and its challenges ...................................................................... 4 

1.2 Solid Oxide Fuel Cells .............................................................................................................. 7 

1.2.1 An introduction ............................................................................................................... 7 

1.2.2 Thermodynamics, efficiency and kinetics ....................................................................... 9 

1.2.3 Applications and industry advancement ...................................................................... 12 

1.3 SOFC materials ...................................................................................................................... 13 

1.3.1 Material requirements .................................................................................................. 13 

1.3.2 Electrolyte materials ..................................................................................................... 16 

1.3.3 Anode materials ............................................................................................................ 17 

1.3.4 Cathode materials ......................................................................................................... 18 

1.4 SOFC degradation processes ................................................................................................. 21 

1.4.1 Fuel / oxidant impurities ............................................................................................... 21 

1.4.2 Microstructural changes ............................................................................................... 22 

1.4.3 Chemical incompatibility / secondary phase formation ............................................... 23 

1.5 Discussion .............................................................................................................................. 24 

1.6 Overview of thesis goals ....................................................................................................... 25 

2 Literature review: replacing state-of-the-art cathode materials in SOFC .................................... 27 

2.1 Overview of chapter.............................................................................................................. 27 

2.2 Drivers for change ................................................................................................................. 27 

2.2.1 Historical context: reducing operating temperature .................................................... 27 



V 
 

2.2.2 Assessing degradation rates: are they too high? .......................................................... 28 

2.2.3 Cathode degradation mechanisms ............................................................................... 35 

2.2.4 Cobalt: economic and ethical concerns ........................................................................ 43 

2.2.5 Discussion ...................................................................................................................... 44 

2.3 Lanthanum nickelates – an alternative? ............................................................................... 45 

2.3.1 Background ................................................................................................................... 45 

2.3.2 Considerations on structure and stability ..................................................................... 46 

2.3.3 Properties ...................................................................................................................... 47 

2.3.4 Fabrication challenges .................................................................................................. 55 

2.3.5 Electrode performance ................................................................................................. 56 

2.3.6 Degradation rates ......................................................................................................... 65 

2.4 Conclusion ............................................................................................................................. 71 

3 Materials and methods ................................................................................................................. 73 

3.1 Overview of chapter.............................................................................................................. 73 

3.2 Synthesis methods ................................................................................................................ 73 

3.2.1 Solid-state ..................................................................................................................... 73 

3.2.2 Pechini synthesis ........................................................................................................... 74 

3.3 Electrode preparation ........................................................................................................... 76 

3.3.1 Ball milling and sieving .................................................................................................. 76 

3.3.2 Ink formulation ............................................................................................................. 76 

3.3.3 Deposition and sintering ............................................................................................... 76 

3.4 Electrode testing ................................................................................................................... 78 

3.4.1 Symmetrical cell testing ................................................................................................ 79 

3.4.2 Single cell testing........................................................................................................... 82 

3.5 Physical characterisation techniques .................................................................................... 88 

3.5.1 X-Ray Diffraction ........................................................................................................... 88 

3.5.2 Scanning Electron Microscopy ...................................................................................... 91 

4 Understanding the symmetrical cell performance of lanthanum nickelate electrodes: the effects 

of sintering temperature and Current Collector Layers ....................................................................... 93 

4.1 Overview of chapter.............................................................................................................. 93 

4.2 Synthesis ............................................................................................................................... 94 

4.2.1 Solid State Route ........................................................................................................... 95 

4.2.2 Pechini Route ................................................................................................................ 96 

4.3 Symmetrical Cell Performance ............................................................................................ 100 



VI 
 

4.3.1 Design of experiments ................................................................................................ 101 

4.3.2 Comparison of Performance ....................................................................................... 103 

4.3.3 Effect of precious metal contact layer ........................................................................ 108 

4.3.4 Effect of sintering temperatures ................................................................................. 112 

4.4 Phase behaviour analysis: the effect of sintering temperature ......................................... 116 

4.4.1 SEM imaging ................................................................................................................ 116 

4.4.2 Dilatometry ................................................................................................................. 117 

4.4.3 XRD reactivity study .................................................................................................... 118 

4.4.4 Discussion on the effect of sintering temperature ..................................................... 125 

4.5 Discussion on performance................................................................................................. 125 

4.5.1 Summarising the results from this study .................................................................... 125 

4.5.2 Comparisons and comments on literature studies ..................................................... 127 

4.6 Conclusions ......................................................................................................................... 128 

5 On the performance of lanthanum nickelate electrodes under polarisation ............................. 131 

5.1 Overview of chapter............................................................................................................ 131 

5.2 Bench-Mark Testing with Commercial Single Cells ............................................................. 131 

5.2.1 Procedural Development ............................................................................................ 132 

5.2.2 Bench-mark metrics for LSCF-containing Commercial Cells ....................................... 142 

5.3 Assessing the performance of the La-Ni-O phases ............................................................. 144 

5.3.1 Lanthanum nickelate cathodes ................................................................................... 145 

5.3.2 Analysis and Discussion ............................................................................................... 151 

5.4 Conclusions from single cell tests ....................................................................................... 165 

5.4.1 Main observations ...................................................................................................... 165 

5.4.2 Next Steps ................................................................................................................... 168 

6 Strategies for the optimisation of composite lanthanum electrode performance via appropriate 

material selection ............................................................................................................................... 170 

6.1 Overview of chapter............................................................................................................ 170 

6.2 Screening Electrodes (Symmetrical Cell Testing) ................................................................ 172 

6.2.1 Overview of tests ........................................................................................................ 172 

6.2.2 LDC synthesis, reactivity and layer preparation ......................................................... 173 

6.2.3 Symmetrical Cell Test Results ..................................................................................... 178 

6.3 Single Cell Testing ............................................................................................................... 185 

6.4 Comparisons with literature data ....................................................................................... 193 

6.5 Conclusions ......................................................................................................................... 195 



VII 
 

7 Conclusions and outlook ............................................................................................................. 198 

7.1 Overview ............................................................................................................................. 198 

7.2 The performance of lanthanum nickelate electrodes ........................................................ 198 

7.3 Comments on SOFC testing approaches ............................................................................. 202 

7.4 Future Work ........................................................................................................................ 204 

Appendix A -  Fuel cell thermodynamics: the effect of operating temperature ................................. I 

Appendix B - Conductivity and thermal expansion data .................................................................... v 

Appendix C - Symmetrical cell performance ..................................................................................... ix 

Appendix D - Single cell testing data from literature ....................................................................... xix 

Appendix E - XRD Data ................................................................................................................... xxiv 

Appendix F - Symmetrical cell data ............................................................................................... xxvii 

Appendix G - Single cell data ......................................................................................................... xxxv 

Appendix H - LDCX Reactivity with LNO214 (1100˚C) ...................................................................... xlii 

Appendix I - Explainer of box and whisker plots ............................................................................ xlvi 

References .......................................................................................................................................... xlvii 

 

 

 

 



VIII 
 

List of figures  
 

Figure 1.1 - Extinction Rebellion protests in London, UK, attended by Greta Thunberg ....................... 1 

Figure 1.2 - Energy usage in the UK; consumption of liquid fuels for transport, natural gas and 

electricity ................................................................................................................................................ 4 

Figure 1.3 - (a, left) Schematic of a Polymer Electrolyte Fuel Cell and (b, right) schematic of a Polymer 

Electrolyte Membrane Electrolyser. ....................................................................................................... 6 

Figure 1.4 - Schematics of (a, left) a Solid Oxide Fuel Cell and (b, right) a Solid Oxide Electrolyser. ..... 8 

Figure 1.5 - (a, top) The effect of different losses on the polarisation curve, (b, bottom) a comparison 

between the polarisation curves of a typical low and high temperature fuel cell.. ............................. 11 

Figure 1.6 - Schematic of a planar fuel cell stack, illustrating the flow of gas, oxide ions and electrons.

 .............................................................................................................................................................. 13 

Figure 1.7 - Different representations of the perovskite structure. ..................................................... 19 

Figure 2.1 - Schematic showing the process of SrO segregation from LSCF. ....................................... 36 

Figure 2.2 - Voltage plot of galvanostatically-operated fuel cell stacks. The stacks contained an LSM-

based cathode material and stainless-steel interconnects. ................................................................. 40 

Figure 2.3 - Global cobalt production between 1970-2018. ................................................................ 43 

Figure 2.4 - Cobalt production by country ............................................................................................ 44 

Figure 2.5 - Conductivity of various La-Ni-O phases at 600, 700 and 800˚C, as reported in the literature.

 .............................................................................................................................................................. 49 

Figure 2.6 - Effect of doping on the conductivity of ABO3-type lanthanum nickelates based on 

literature data ....................................................................................................................................... 52 

Figure 2.7 - Conductivity at 700˚C (σ700˚C) vs thermal expansion coefficient (TEC) for various La-Ni-O 

perovskites.. .......................................................................................................................................... 53 

Figure 2.8 - Comparison of (a) tracer diffusion coefficients and (b) oxygen exchange coefficient for 

SOFC cathode various materials including La2NiO4, LaNi0.6Fe0.4O3.. ..................................................... 54 

Figure 2.9 - Nyquist diagram of an idealised RC circuit illustrating the relative position of the ohmic 

(Ro) and total (ZDC) impedance values described in this chapter. ......................................................... 59 

Figure 2.10 - Comparison of reported Rpol values across various studies for single phase electrodes. 

Chart shows the reported performance for La2NiO4 (n=1), La3Ni2O7 (n=2), La4Ni3O10 (n=3), LaNi0.6Fe0.4O3 

(LNF). ..................................................................................................................................................... 60 

Figure 2.11 - Symmetrical Cell performance for different electrode configurations employing La2NiO4. 

Single phase (“S-P”), composite (Cmp) and infiltrated (Infil.) cathodes are shown. ............................ 62 



IX 
 

Figure 2.12 - Symmetrical Cell performance for different electrode configurations employing 

LaNi0.6Fe0.4O3. Single phase (“S-P”), composite (Cmp) and infiltrated (Infil.) cathodes are shown. ..... 62 

Figure 2.13 - Current density at 0.7V as reported in various articles; (a) Performance of single phase 

La-Ni-O electrodes, (b) performance of single phase, composite and infiltrated La2NiO4 electrodes, (c) 

performance of single phase, composite and infiltrated LaNi0.6Fe0.4O3 electrodes. ............................ 64 

Figure 3.1 - Schematic illustrations of the Pechini process. ................................................................. 75 

Figure 3.2 - Schematic illustrating the (a) single cell and (b) symmetrical cell configurations ............ 77 

Figure 3.3 - Typical temperature ramp profile for electrode sintering in this study. ........................... 78 

Figure 3.4 - Example of an electrode deposited via the described process. ........................................ 78 

Figure 3.5 - Schematic of symmetrical cell set-up. ............................................................................... 81 

Figure 3.6 - Disassembled cell holders with electrical, gas and thermocouple connections shown.... 84 

Figure 3.7 - Schematic of cell holder with cell, current collector and mica gasket. ............................. 84 

Figure 3.8 - Simplified schematic of cell test set-up. ............................................................................ 85 

Figure 3.9 - Temperature programme for heating and cooling employed for single cell testing. ....... 86 

Figure 3.10 - Schematic demonstrating the diffraction grating analogy of planes of atoms. .............. 89 

Figure 3.11 - (a) Schematic illustrating electron interactions, (b) schematic of electron interactions at 

atomic scale  (c) schematic illustrating how SEI enables topographical information to be obtained  and 

(d) a schematic illustrating the relative back- scattering abilities of two materials with different atomic 

numbers. ............................................................................................................................................... 92 

Figure 4.1 - Attempts at solid state synthesis of La2NiO4+δ under different annealing conditions; (a) 

120h total anneal at 1000˚C, (b) 120 h total anneal at 1100˚C, (c) 24 h at 1200˚C. ............................. 97 

Figure 4.2 - Unsuccessful solid state synthesis of La3Ni2O7-δ  under different annealing conditions; (a) 

120 h total anneal at 1000˚C, (b) 120 h total anneal at 1100˚C, (c) 24 h at 1200˚C. ............................ 98 

Figure 4.3 - XRD data taken from samples prepared by the Pechini route; (a) La2NiO4+δ, (b) La3Ni2O7-δ, 

(c) La4Ni3O10-δ and (d) LaNi0.6Fe0.4O3-δ.. .................................................................................................. 99 

Figure 4.4 - SEM images of (a) La2NiO4+δ powder synthesised via the Pechini route and (b) commercial 

LSCF6428 powder (Praxair). ................................................................................................................ 100 

Figure 4.5 - Nyquist plots from symmetrical cell tests; (a) LNO214, (b) LNO327, (c) LNO4310, (d) LNF64, 

(e) synthesised LSCF6428 (LSCF-Pech), (f) commercial (Praxair) LSCF6428  (LSCF6428-C) ................ 105 

Figure 4.6 - Kramers-Kronig residuals of the ‘median’ values of symmetrical cell tests). .................. 106 

Figure 4.7 - Comparison of results from initial symmetrical cell tests (TSint=1000˚C).. .................... 107 

Figure 4.8 - Effect of Au-paste on symmetrical cell performance of Ruddlesden-Popper phases 

La2NiO4+δ, La3Ni2O7-δ and La4Ni3O10-δ ................................................................................................... 111 



X 
 

Figure 4.9 - Effect of Au-paste on symmetrical cell performance of perovskite phases LNF64 and 

commercial LSCF6428. ........................................................................................................................ 112 

Figure 4.10 - Effect of sintering temperature on the performance of La2NiO4+δ electrodes in 

symmetrical cell configuration............................................................................................................ 113 

Figure 4.11 - Arrhenius plots (600-800˚C; 50˚C intervals)  demonstrating the effect of sintering 

temperature on (a, b) La3Ni2O7-δ, (c, d) La4Ni3O10-δ, (e, f) LaNi0.6Fe0.4O3-δ ........................................... 115 

Figure 4.12 - Arrhenius plots (600-800˚C; 50˚C intervals) demonstrating the effect of sintering 

temperature on LSCF6428 .................................................................................................................. 116 

Figure 4.13 - SEM analysis of four symmetrical cell samples (LNO214) sintered at four temperatures 

(20,000x magnification). ..................................................................................................................... 117 

Figure 4.14 - Dilatometry results; (a) LSM82, LSCF6428, LNO214 sintered at 1000˚C, (b) and LNO214 

sintered at 1000 and 1150˚C ............................................................................................................... 118 

Figure 4.15 - Powder reactivity test; LSCF6428-GDC10 (1:1 mass ratio). ........................................... 120 

Figure 4.16 - Powder reactivity test; LNO214-GDC10 (1:1 by mass).. ................................................ 121 

Figure 4.17 - Powder reactivity test; LNO327-GDC10 (1:1 mass ratio).. ............................................ 122 

Figure 4.18 - Powder reactivity test; LNO4310-GDC10 (1:1 mass ratio).. .......................................... 123 

Figure 4.19 - Powder reactivity test; LNF64-GDC10 (1:1 mass ratio). ................................................ 124 

Figure 4.20 - Summary of data taken from samples tested in this study; (a, b) Ro values measured at 

600˚C and 800˚C, respectively, (c,d) Rpol  values measured at 600˚C and 800˚C, respectively (e,f) ZDC 

values measured at 600˚C and 800˚C, respectively ............................................................................ 126 

Figure 4.21 - Comparison of literature data and data from this study; (a) La2NiO4+δ, (b) La3Ni2O7-δ, (c) 

La4Ni3O10-δ, (d) LaNi0.6Fe0.4O3-δ ............................................................................................................. 130 

Figure 5.1 - Effect of contact configuration (i.e. use of Au contact paste) on cell performance; Effect of 

contact configuration on polarisation curves at (a) 800˚C, (b) 750˚C, (c) 700˚C and effect on the EIS 

spectra recorded at (d) 800˚C, (e) 750˚C and (f) 700˚C. ..................................................................... 135 

Figure 5.2 - Summary on the effects of contact paste on (a) ohmic resistance, Ro, and (b) polarisation 

resistance, Rpol, as measured from the EIS spectra taken at ‘OCV-0.05V’ condition. ......................... 136 

Figure 5.3 - (a, b) Repeatability test at 800˚C using dry hydrogen (c, d) effect of fuel humidity on 

impedance and i-V curves of a cell [H2=0.2 Lmin-1, Air=0.5 Lmin-1 , TOp=800˚C]. ................................ 137 

Figure 5.4 - Comparison of three commercial SOFC cell tests using dry and humidified hydrogen (0.5 

Lmin-1); effect of humidification on (a) the polarisation curve at 800˚C and (b) the OCV impedance 

responses at 800˚C. ............................................................................................................................. 140 

Figure 5.5 - Modelling the effect of humidifying hydrogen on the resulting current-voltage profile. 

Assumed conditions (TOp=800˚C, p(O2)=0.21 bar). ............................................................................. 141 



XI 
 

Figure 5.6 - Polarisation and EIS performance of three commercial cells (SOFCMan) containing LSCF 

cathodes; (a, c, d) polarisation curves, (b, d, e) EIS measurements conducted at OCV, (g, h) comparison 

of cells at an operating temperature of 800˚C. .................................................................................. 143 

Figure 5.7 - Performance of a commercial LSCF6428 sample deposited onto a commercial half-cell.

 ............................................................................................................................................................ 146 

Figure 5.8 - Performance of La2NiO4+δ (LNO214) in single cell testing configuration. ........................ 147 

Figure 5.9 - Performance of La3Ni2O7-δ (LNO327) in single cell testing configuration. ....................... 148 

Figure 5.10 - Performance of La4Ni3O10-δ (LNO4310) in single cell testing configuration. .................. 149 

Figure 5.11 - Performance of LaNi0.6Fe0.4O3-δ (LNF64) in single cell testing configuration.. ............... 150 

Figure 5.12 - Comparison of polarisation curves recorded for the different cathode materials as 

obtained at (a) 800˚C and (b) 700˚C.. ................................................................................................. 152 

Figure 5.13 - Effect of sintering temperature on the current density at 0.7 V for different phases .. 153 

Figure 5.14 - Images taken of SOFC cells on tear-down; (a) LNF64-1000˚C, (b) LNF64-1150˚C and (c) 

LSCF-1000˚C. ....................................................................................................................................... 155 

Figure 5.15 - Post-test SEM images of (a, top) in-tact LSCF cathode (TSint=1000˚C) and (b, bottom) the 

La-nickelate cathode (TSint = 1000˚C) was found to be completely delaminated, leaving the GDC layer.

 ............................................................................................................................................................ 156 

Figure 5.16 - Summary of (a) Rpol values measured from single cell tests (various sintering 

temperatures) and (b) i0.7V values measured from single cell tests (various sintering temperatures).

 ............................................................................................................................................................ 158 

Figure 5.17 - Comparison of polarisation resistances measured in symmetrical cell and single cell 

testing configurations (Note: comparisons are only drawn with those electrodes where Au-contact 

paste is applied). ................................................................................................................................. 159 

Figure 5.18 - Comparison of measured current density at (a) 1 V and (b) 0.7 V vs the inverse of 

polarisation resistance measured at open circuit (single cell configuration) across various cells and 

operating temperatures. ..................................................................................................................... 161 

Figure 5.19 - EIS measurements taken at 700˚C with various operating voltages for (a) La2NiO4+δ, (b) 

La3Ni2O7-δ, (c) La4Ni3O10-δ, (d) LaNi0.6Fe0.4O3-δ and (e) a summary of Rpol values against operating voltage 

for these materials. ............................................................................................................................. 164 

Figure 6.1 - XRD pattern of LDCX compositions against commercial CeO2 material. ......................... 175 

Figure 6.2 - Reactivity test of La2NiO4+δ and La0.45Ce0.55O2; XRD results for (a) 50:50 mass% mix of 

materials prior to heating and (b) after heating to 1150˚C for 4 hours. ............................................ 176 

Figure 6.3 - Reactivity test of LaNi0.6Fe0.4O3-δ and La0.45Ce0.55O2; XRD results for (a) 50:50 mass% mix of 

materials prior to heating and (b) after heating to 1150˚C for 4 hours. ............................................ 177 



XII 
 

Figure 6.4 - LDC45 layer applied to a commercial half-cell by spin-coating. The leakage around the 

masking is highlighted. ........................................................................................................................ 178 

Figure 6.5 - Nyquist plots of composites; LNO214-based composites (a) without CCL and (b) with CCL. 

LNF64-based composites (c) without CCL and (d) with CCL.. ............................................................. 180 

Figure 6.6 - Symmetrical cell performance of La2NiO4+δ composite electrodes. ................................ 181 

Figure 6.7 - Symmetrical cell performance of La3Ni2O7-δ composite electrodes. ............................... 182 

Figure 6.8 - Symmetrical cell performance of La4Ni3O10-δ composite electrodes. .............................. 183 

Figure 6.9 - Symmetrical cell performance of LaNi0.6Fe0.4O3-δ composite electrodes. ....................... 184 

Figure 6.10 - Polarisation curves of composite electrodes; (a) LNO214-GDC, (b) LNO214-LDC45, (c) 

LNF64-GDC, (d) LNF64-LDC45, (e) LNO214-LNF64 and (f) a comparison of i0.7V values compared against 

single phase electrodes (LNO214, LNF64 and LSCF) sintered at 1000˚C. ........................................... 188 

Figure 6.11 - EIS measurements recorded at OCV for composite electrodes; (a) LNO214-GDC, (b) 

LNO214-LDC45, (c) LNF64-GDC, (d) LNF64-LDC45, (e) LNO214-LNF64 and (f) a comparison of Rpol values 

compared against single phase electrodes (LNO214, LNF64 and LSCF) sintered at 1000˚C. ............. 189 

Figure 6.12 - Comparison of polarisation curves of single phase and composite phase electrodes (LNF, 

LNO214, LNF-LNO214) at an operating temperature of 800˚C with Au-CCL. ..................................... 190 

Figure 6.13 - XRD showing reactivity between LDC45 and 8YSZ. ....................................................... 191 

Figure 6.14 - XRD showing the compatibility of GDC10 and 8YSZ. ..................................................... 192 

Figure 6.15 - Comparison of i0.7V measured in this study and those measured in other studies; (a) 

LNO214 composites and (b) LN64 composites. .................................................................................. 194 

Figure A.1 - (a) effect of operating temperature on ∆gT, ∆hT, T∆sT and (b) Eo and ηthermodymaic. ........ IV 

Figure E.1 - XRD data taken from scans of (a) commercial LSCF6428 and (b) Pechini-synthesised 

LSCF6428 compared with (c) data from the ISCSD database (ICSD#186173)..................................... xxiv 

Figure E.2 - Attempts to synthesise LNF64 via solid-state route at (a) 1000˚C, (b) 1100˚C and (c) 1200˚C

 ............................................................................................................................................................. xxv 

Figure E.3 - Attempts to synthesise LNO4310 via solid-state route at (a) 1000˚C, (b) 1100˚C and (c) 

1200˚C ................................................................................................................................................. xxvi 

Figure F.1 - Symmetrical cell testing data (Nyquist plots) for commercial LSCF6428 electrodes tested 

in this work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 1150˚C [tests without 

CCL] .................................................................................................................................................... xxvii 

Figure F.2 - Complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNO214 

electrodes tested in this work (a-c) electrodes sintered at 1000˚C, (d) 1050˚C, (e) 1100˚C and (f-h) 

electrodes sintered at 1150˚C  [tests without CCL] .......................................................................... xxviii 



XIII 
 

Figure F.3 - Complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNO327 

electrodes tested in this work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 

1150˚C  [tests without CCL] ................................................................................................................ xxix 

Figure F.4 - Complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNO4310 

electrodes tested in this work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 

1150˚C  [tests without CCL] ................................................................................................................. xxx 

Figure F.5 - Complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNF64 

electrodes tested in this work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 

1150˚C  [tests without CCL] ................................................................................................................ xxxi 

Figure F.6 - Complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LSCF6428 

electrodes tested in this work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 

1150˚C  [tests without CCL] ............................................................................................................... xxxii 

Figure F.7 - Effect of Au-CCL on electrodes sintered at 1150˚C; (a, b) LNO214, (c, d) LNO327, (e, f) 

LNO4310). Panels on the left show Nyquist results. Panels on the right show Ro and Rpol Arrenhius 

plots. ................................................................................................................................................. xxxiii 

Figure F.8 - Effect of Au-CCL on electrodes sintered at 1150˚C; (a, b) LNF64, (c, d) commercial 

LSCF6428. Panels on the left show Nyquist results. Panels on the right show Ro and Rpol Arrenhius plots.

 .......................................................................................................................................................... xxxiv 

Figure G.1 - Voltage-current and impedance data for LNO214 electrodes sintered at (a, b) 1000˚C, (c, 

d) 1050˚C, (e, f) 1100˚C, (g, h) 1150˚C, .............................................................................................. xxxv 

Figure G.2 - Voltage-current and impedance data for LNO327 electrodes sintered at (a, b) 1000˚C, (c, 

d) 1100˚C, (e, f) 1150˚C. .................................................................................................................... xxxvi 

Figure G.3 - Voltage-current and impedance data for LNO4310 electrodes sintered at (a, b) 1000˚C, (c, 

d) 1050˚C, (e, f) 1100˚C, (g, h) 1150˚C ............................................................................................. xxxvii 

Figure G.4 - Voltage-current and impedance data for LNF64 electrodes sintered at (a, b) 1000˚C, (c, d) 

1050˚C, (e, f) 1100˚C, (g, h) 1150˚C. ................................................................................................ xxxviii 

Figure G.5 - Kramers-Kronig residuals for lanthanum nickelate electrodes sintered at 1150˚C ...... xxxix 

Figure G.6 - Attempt to identify processes via DRT analysis of single cells with La2NiO4+δ  electrode 

sintered at 1150˚C (part 1 – effect of temperature) .............................................................................. xl 

Figure G.7 - Attempt to identify processes via DRT analysis of single cells with La2NiO4+δ  electrode 

sintered at 1150˚C (part 2 – effect of gas pressures) ........................................................................... xli 

Figure H.1 - Reactivity test of La2NiO4+δ and La0.10Ce0.90O2; XRD results of (a) 50:50 mass% mix of 

materials prior to heating and (b) after heating to 1100˚C for 4 hours. ............................................. xlii 



XIV 
 

Figure H.2 - Reactivity test of La2NiO4+δ and La0.35Ce0.65O2; XRD results of (a) 50:50 mass% mix of 

materials prior to heating and (b) after heating to 1100˚C for 4 hours. ............................................. xliii 

Figure H.3 - Reactivity test of La2NiO4+δ and La0.40Ce0.60O2; XRD results of (a) 50:50 mass% mix of 

materials prior to heating and (b) after heating to 1100˚C for 4 hours. ............................................. xliv 

Figure H.4 - Reactivity test of La2NiO4+δ and La0.45Ce0.55O2; XRD results of (a) 50:50 mass% mix of 

materials prior to heating and (b) after heating to 1100˚C for 4 hours. ..............................................xlv 

Figure I.1 - Overview/explainer of box and whisker plot.. .................................................................. xlvi 



XV 
 

List of tables 
 

Table 1.1 – Table of requirements for fuel cell stack materials. .......................................................... 15 

Table 2.1 – Average cell degradation rates for a 2-cell stack operated for 100,000 h. ........................ 30 

Table 2.2  - Long-term degradation studies on SOFC stacks. ............................................................... 31 

Table 2.3 - Overview of Cr-phase formation in cathode materials and consideration of degradation 

rates relative to common cathode materials. ...................................................................................... 42 

Table 2.4 - Consideration on degradation studies, ordered by operating time.. ................................. 67 

Table 4.1 - Overview of electrodes prepared for the symmetrical cell testing detailed in this chapter

 ............................................................................................................................................................ 102 

Table 5.1 – Overview of contact configurations tests. ....................................................................... 132 

Table 5.2 – Testing parameters employed to achieve repeatable results for bench-mark tests. ...... 142 

Table 5.3 – EIS metrics for commercial cells tested at 800˚C OCV in accordance with conditions shown 

in Table 5.2 .......................................................................................................................................... 144 

Table 5.4 – Metrics taken from polarisation curves conducted on commercial cells at TOp = 800˚C . 144 

Table 5.5 – Overview of single cell test samples prepared for testing. .............................................. 145 

Table 6.1 – Overview of symmetrical cell tests conducted in this chapter. Materials were mixed in 1:1 

volume ratio. ....................................................................................................................................... 173 

Table 6.2 – Composition of LDC45 ink prepared for spin-coating process ........................................ 178 

Table A.1 – Standard values of the enthalpy and entropy of reaction at room temperature and 

standard pressure ................................................................................................................................... II 

Table A.2 – Calculated values based on standard conditions and room temperature. ......................... II 

Table B.1 – Electrical conductivity data taken from literature sources.. ................................................ v 

Table C.1 – Symmetrical cell performance of different lanthanum nickelate electrodes studied by 

various researchers. ............................................................................................................................... ix 

Table D.1 – Single cell testing of lanthanum nickelate electrodes in various studies. Current density 

values measured at 0.7V (i0.7V). ............................................................................................................. xix 



XVI 
 

Acronyms and abbreviations 
 

ASR - Area Specific Resistance 

BEV - Battery Electric Vehicle 

CCS - Carbon Capture and Storage 

CE - Counter Electrode 

CHP - Combined Heat and Power 

COVID-19 - Corona Virus Disease (2019) 

DRC - Democratic Republic of Congo 

EBSD/BSE - Electron Backscattered 
Diffraction/Backscattered Electron 

EDX - Electron Dispersive X-ray Spectroscopy 

e-fuels - Electric fuels 

EIS - Electrochemical Impedance Spectroscopy 

EU - European Union 

EV - Electric Vehicles 

FRA - Frequency Response Analyser 

GDC - Gadolinium Doped Ceria 

GHG - Greenhouse Gas Emission 

HHV - Higher Heating Value 

HOR - Hydrogen Oxidation Reaction 

H-SOFC - Proton (H+) conducting Solid Oxide 
Fuel Cells 

HT - High Temperature 

ICSD - International Centre for Diffraction 
Data 

IPCC - Intergovernmental Panel on Climate 
Change 

IRENA - International Renewable Energy 
Agency 

LHV - Lower Heating Value 

LNF64 - LaNi0.6Fe0.4O3 

LNO214 - La2NiO4 

LNO327 - La3Ni2O7 

LNO4310 - La4Ni3O10 

LSC - La1-xSrxCoO3 

LSCF - La1-xSrxCo1-yFeyO3 

LSCM - La1-ySryMn1-xCoxO3 

LSGM - La1-xSrxGa1-yMgyO3 

LSM - La1-xSrxMnO3 

MFC -  Mass Flow Controller 

MIEC -  Mixed Ionic Electronic Conductors 

NEDO -  New Energy and industrial technology 
Development Organisation 

OCV -  Open Circuit Voltage 

ORR -  Oxygen Reduction Reaction 

PDF -  Powder Diffraction File 

PEFC -  Polymer Electrolyte Fuel Cell 

R&D -    Research and Development 

RE -  Reference Electrode 

SDC -  Samarium Doped Ceria (Sm1-xCexO2) 

SECA -  Solid State Energy Converson Alliance 

SEI -  Secondary Electron Image 

SEM -  Scanning Electron Microscope 

SOC -  Solid Oxide Cell 

SOE -  Solid Oxide Electrolyser 

SOFC -  Solid Oxide Fuel Cell 

SASZ -   Scandia alumina stabilized zirconia 

SSZ -      Scandia stabilized Zirconia 

TEC -  Thermal Expansion Coefficient 

UK -  United Kingdom 

WE -  Working Electrode 

XRD -  X-Ray Diffraction 

YSZ -  Yttria Stabilised Zirconia 

 



XVII 
 

Nomenclature

 

Latin 
  
𝑐 Speed of light 
𝐷∗ Oxygen tracer coefficient 
𝐸 Cell voltage 
𝐸𝑜 Thermodynamic voltage 
𝐸𝑤𝑎𝑣𝑒 Energy of photon 
𝐹 Faraday’s constant 
∆𝑔𝑇 Change in Gibbs free energy 
ℎ Planck’s constant 
∆ℎ𝑓,𝐿𝐻𝑉

𝑜  Enthalpy of formation (lower heating value) 

∆ℎ𝑇 Change in enthalpy at temperature T 
Kα Characteristic wavelength of X-ray 
𝑘 Surface exchange coefficient 
𝑛 Number of electrons transferred  
∆𝑠𝑇 Entropy at temperature T 
𝑇 Temperature 
𝑅𝑝𝑜𝑙  Polarisation resistance (area specific) 

𝑅𝑜 Ohmic resistance (area specific) 
𝑟𝑥 Radius of ion ‘x’ 
𝑆 Electrode area 
t Goldschmitt tolerance factor 
𝑡𝑟 Transference number 
𝑤 Work 
𝑍′ Real impedance  
𝑍′′ Imaginary impedance 
  
Greek  
  
𝜆 Wavelength 
𝜎 Electrical conductivity 
𝜂 Efficiency 
ѵ Voltage loss 

 

 

 

 

 



1 
 

1 Introduction 

1.1 Context 

1.1.1 A crisis in climate and energy security  

A continued and unabated rise in the release of anthropogenic greenhouse gases (GHG) is driving a 

change in the composition of the Earth’s atmosphere. Due to their ability to capture and trap solar 

radiation, surging quantities of these substances (including carbon dioxide and methane) are leading 

to an increase in average global temperatures. The subsequent effect of this phenomenon (i.e. 

‘Climate Change’) presents an existential crisis to the global community. Unless action is taken to 

reduce and offset GHG emissions, it is likely that the 21st century will play host to numerous 

catastrophic consequences. This includes rising sea-levels, an increase in the quantity and frequency 

of extreme weather events, and the extinction of many species [1]. Additionally, it is thought that such 

events will drive a mass migration of communities and rising human conflict as water and food-

resources become more volatile [2]. Recent times have seen a raised profile for this key issue. In 2019, 

a series of international protests (e.g. Figure 1.1) served to galvanise public awareness on the matter, 

with particular emphasis placed on youth activism [3,4]. In a 2021 poll conducted by the United 

Nations, two-thirds of the participants supported the notion that climate change should be identified 

as a ‘global emergency’ [5].  

 

Figure 1.1 - Extinction Rebellion protests in London, UK, attended by Greta Thunberg (right image). An example of growing 
public discourse on climate change and the need for action. Photo Credit: Graeme Hayes. 



2 
 

In addition to issues relating to climate change, humanity faces an uncertain future with respect to its 

access to secure supplies of primary energy sources. It is widely acknowledged that an unrelenting 

reliance on finite resources of fossil fuel (e.g. crude oil, natural gas) is unsustainable [6]. Urgent efforts 

are therefore required to overhaul the manner in which society interacts with its energy resources.  

In accordance with the 2015 Paris Climate Agreement [7], the global community has committed to 

limiting average global temperature increases to 2˚C (measured against pre-industrial levels). To help 

meet this target, member states of the European Union (EU) have targeted  ‘Climate Neutrality’ by 

2050 [8]. It is widely acknowledged that such goals represent a technological and economic challenge 

to countries around the world. Year-on-year global emissions have continued to rise in the last 5 

decades (a few notable years aside) [9,10]. To reverse such trends, and drive-down GHG emissions, a 

wide-scale deployment of alternative, zero-carbon technologies will be required whilst also improving 

end-use efficiency [1]. Amongst other events, the recent COVID-19 pandemic is thought to have 

brought certain opportunities relating to industry, the economy and to the wider energy system 

[11,12]. As a result, many countries and blocs are looking to invest heavily in emerging industries and 

technologies that can help to reduce emissions [13–15].         

1.1.2 Renewables, electrification and its challenges 

Renewable energy technologies are playing an increasing role in the production of electrical power 

and heat around the world [16]. Over the last decade, an acceleration in wind turbine deployment has 

overseen a dramatic reduction in the carbon-intensity of the UK electricity grid [17]. Renewably 

produced electrical power is replacing the more traditional carbon-intensive options such as coal-fired 

thermal power stations, which are on the pathway to obsolescence. The political emphasis that has 

been placed on deploying these technologies has helped to reduce the costs of renewables. With the 

economics becoming increasingly favourable, the eventual market dominance of this technology 

seems inevitable. Nevertheless, there are a number of challenges which represent obstacles to a 
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completely ‘zero fossil-carbon’ energy system. How successfully these challenges are overcome will 

likely determine the success or failure of the decarbonisation effort.  

One key issue with the deployment of renewable energy technologies is the inherent variability of the 

energy source (i.e. the fluctuating nature of solar radiation and wind currents) [17]. This, combined 

with the need to instantaneously balance electricity grid demand and generation, offers a major 

concern for the expansion of renewable generation. Conversely, an inherent advantage of solid, liquid 

or gaseous fuels is that they may be used to produce electricity (or heat) on demand. It is partly for 

this reason that fossil fuels have historically been so widely relied upon to help balance energy 

production and consumption. Inherently, fossil fuel resources represent a cheap form of energy 

storage [18]. Frustratingly, renewable generation is commonly paused (or curtailed) during periods of 

grid congestion [19,20]. Such procedures have an impact on the economic and environmental benefits 

of these technologies. To completely remove fossil fuels from the energy system, the deployment and 

development of energy storage technologies will be vital [21–23].    

With an increasing availability of zero-carbon electricity, there is a drive to electrify many different 

sectors such as transport and domestic heat production [24,25]. Such transformations could rely 

heavily on the wide-spread adoption of emerging technologies such as Battery Electric Vehicles (BEVs) 

and heat pumps. The acceptance of these devices may require some habitual changes for many (e.g. 

BEV charging times). It remains to be seen how quickly (and to what extent) an uptake of such 

technologies can be achieved. Perhaps more concerning is the strain that increasing electrification will 

place on existing infrastructure (e.g. network distribution lines). In the UK, the cost projections to 

upgrade this infrastructure are not insignificant (an estimated £50bn by 2035 required for a rapid 

uptake of BEVs and heat pumps [26]). In isolation, the complete replacement of the natural gas grid 

with electric-based heating represents a sizeable challenge in itself. This can be appreciated by 

considering the current disparity between electricity generation and natural gas usage (see Figure 1.2) 

[27]. These observations would appear to suggest that the complete electrification of heat will be a 
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difficult task (in the UK at least) and there is some scepticism about the viability of this approach [27–

29]. This implies that some low-carbon gas-network will need to be maintained to meet the energy 

demands of the UK whilst also meeting with climate targets. Whether this be in the form of bio-fuels 

or so-called ‘e-fuels’ is up for debate [28]. One possible solution that can help to overcome many of 

the issues discussed above is the widespread production and utilisation of hydrogen. Of course, 

whichever pathway is taken, this must also be combined with a reduction in overall energy demand. 

In part this can be achieved by improvements to end-use efficiency (e.g. building insulation), 

effectively helping to considerably reduce energy demand.   

 

Figure 1.2 – Energy usage in the UK; consumption of liquid fuels for transport, natural gas and electricity [27]. 

1.1.3 A ‘hydrogen economy’ and its challenges 

The use of hydrogen as an energy vector offers huge potential with respect to de-carbonising energy 

systems around the world. Reaction with oxygen is, from a thermodynamic perspective, a 

spontaneous process1 which leads to a release of energy, without carbon emissions: 

𝐻2(𝑔) +  
1

2
𝑂2(𝑔) →  𝐻2𝑂(𝑔)(∆ℎ𝑓,𝐿𝐻𝑉

𝑜 = −241.83 𝑘𝐽𝑚𝑜𝑙−1) [Eq. 1.1]  

                                                           
1 For a spontaneous reaction, the Gibbs free energy of reaction is negative (∆𝑔𝑇 < 0) - the reaction shown in 
equation 1.1 follows this condition (except for temperatures well in excess of 1000 ˚C) – see Appendix A 
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Here, ∆ℎ𝑓,𝐿𝐻𝑉
𝑜  is the enthalpy of reaction for H2O in the gaseous form (i.e. steam). This value excludes 

the latent heat energy2 associated with a change of state (i.e. liquid to gas).  

Although molecular hydrogen (H2) does not exist in appreciable quantities in nature, it is the most 

abundant element in the universe. Hydrogen is most commonly found to be chemically bound within 

molecules such as water (H2O), methane (CH4) and ammonia (NH3). In particular, the ability to extract 

molecular hydrogen from H2O (and then employ it for the production of zero-carbon electricity and 

heat) is a tantalising prospect. Some commentators have theorised that an economy based on the 

production, transmission and utilisation of hydrogen can be engineered to meet the needs of society 

[30–32]. Importantly, such an economy could be achieved whilst ensuring a secure, zero-carbon 

energy system is realised. A society built on such a concept is commonly referred to as a ‘hydrogen 

economy’.  

Whilst hydrogen can be combusted like conventional fuels, it is its employment in fuel cells which 

offers the greatest opportunity. There are many different types3 of fuel cell, each designed with 

different materials and offering different advantages and drawbacks. With such devices, hydrogen 

and oxygen can be electrochemically converted to produce electrical power and heat. The emission 

of water is the only resulting by-product of this process. This idea is illustrated for a Polymer Electrolyte 

Fuel Cell (PEFC) in Figure 1.3a. Aside from the avoidance of carbon emissions, fuel cell technology is 

not limited by the Carnot efficiency and, as such, can be significantly more efficient than combustion 

technologies. Fuel cells may also be operated in reverse in order to split water into hydrogen and 

oxygen (i.e. electrolysis), as seen in Figure 1.3b. Importantly, low-carbon electricity could be used to 

produce hydrogen during periods of over-production. Fuel cells can then be employed to reverse this 

process when there is a deficit between low-carbon electricity production and electrical demand. 

                                                           
2 The ‘higher heating value’ (HHV) is -285.84 kJmol-1 
3 This includes Alkaline Fuel Cells (AFC), Direct Methanol Fuel Cells (DMFC), Molten Carbonate Fuel Cells 
(MCFC), Phosphoric Acid Fuel Cells (PAFC), Polymer Electrolyte Fuel Cells (PEFC) and Solid Oxide Fuel Cells 
(SOFC) – the fundamental difference between these is the type of electrolyte employed. Each type of fuel cell 
has different characteristics with respect to their operation (e.g. tolerance to impurities, start-up times). 
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Given that hydrogen can be stored over long periods with relative ease, this approach is attractive for 

seasonal energy storage.  

 

Figure 1.3 – (a, left) Schematic of a Polymer Electrolyte Fuel Cell and (b, right) schematic of a Polymer Electrolyte Membrane 
Electrolyser.  

In truth, the concept of a hydrogen economy has been debated for a number of decades having been 

first proposed in the 1970s [33]. Indeed, this has no doubt contributed to the scrutiny and scepticism 

that hydrogen has faced in recent years. Opponents of hydrogen technology commonly argue that the 

current round-trip efficiency of producing so-called green hydrogen (i.e. that produced via electrolysis 

with zero-carbon electricity) and re-converting this to electricity (~35%) is far inferior to that 

achievable with battery systems (~90%). The high cost of green hydrogen has historically been viewed 

as a major barrier to its widespread production but prices are anticipated to fall in the coming decade 

[34,35]. Perhaps more pertinent today is the availability of sufficient zero-carbon electricity and the 

need for increased capacities of renewable generation [36]4. Other hydrogen production routes are 

also possible. The synthesis of ‘grey hydrogen’ (i.e. that obtained from the reformation of natural gas) 

is a process that has been carried out on an industrial scale for decades. However, this approach is 

very carbon intensive [35,37] and negates the great benefit of H2 (i.e. decarbonisation). This route can 

be combined with carbon capture and storage (CCS) technology to reduce the associated emissions 

and produce so-called ‘blue hydrogen’. However, the addition of CCS leads to increased costs [38] and, 

given inefficiencies in this process and carbon emissions through the supply chain, there is some 

                                                           
4 IRENA estimate 4-16TW of renewable electricity capacity will be needed to provide the required amount 
(19EJ) of hydrogen in 2050 [36] – IRENA note that this may be conservative based on other estimates 
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scepticism towards this route of H2 production [39]. Whilst many other routes of production have 

been proposed, it is green hydrogen that is most commonly agreed to offer the greatest potential.     

It is becoming increasingly accepted that hydrogen will need to play some role in future energy 

systems. This is particularly evident in those areas that will prove difficult (e.g. rural train routes) or 

even impossible (e.g. production of green ammonia) to electrify via other means. In 2020, the 

European Union have signalled their future intentions on this matter by issuing a ‘hydrogen strategy’ 

[40]. The policy details plans to upscale and deploy electrolyser technology. Critically, the bloc intend 

to install 40 GW of electrolysis capacity by 2030, producing 10 million tonnes of zero-carbon, 

renewable hydrogen. Individual nations (e.g. Canada, Germany, the UK, France, Japan, South Korea) 

have also followed suit with their own individual strategies [35]. Each of these countries’ proposals 

places hydrogen as an intrinsic part of the energy system. In the UK, a number of research projects 

(H21 [41], HyDeploy [42], Hy4Heat [43]) are underway to consider the feasibility of converting the 

natural gas grid to hydrogen. There are signs, therefore, that a hydrogen economy will come to the 

fore on some level in the coming years.  

1.2 Solid Oxide Fuel Cells 

1.2.1 An introduction 

The Solid Oxide Fuel Cell (SOFC) is a technology that has been the matter of some scientific and 

engineering curiosity over many decades and is now beginning to find a place in energy networks 

around the world [44]. As will be discussed here, this technology can offer solutions to many of those 

issues discussed in Section 1.1.  As can be appreciated from the schematic in Figure 1.4, the SOFC 

generally5 employs an oxide-conducting electrolyte. The ceramic electrolytes require high 

temperatures (typically in excess of 600˚C) in order to achieve appreciable oxide ion conductivity. 

Depending on the operating temperatures (amongst other factors), a single SOFC cell can produce 

power density values above 1 Wcm-2 [45]. As is the case with other types of fuel cell, and to provide a 

                                                           
5SOFCs with a proton (H+) conducting electrolyte have also been manufactured and demonstrated. 
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more sizeable power output, multiple cells of a determined area are arranged in series to produce the 

so-called SOFC ‘stack’. In the common series-connected system, the area of the cells dictates the total 

current output, whilst the number of cells determines the voltage. The modularity of this technology 

is one of its key, inherent advantages and means that SOFCs can be scaled according to power 

requirements. Like other types of fuel cell, the SOFC can be operated ‘in reverse’ to produce hydrogen 

or carbon monoxide via electrolysis of water or carbon dioxide, respectively. In this case, the 

technology is referred to as a Solid Oxide Electrolyser (SOE) with the term Solid Oxide Cell (SOC) often 

used as a general description for the two technologies.  

 

Figure 1.4 – Schematics of (a, left) a Solid Oxide Fuel Cell and (b, right) a Solid Oxide Electrolyser.  

When comparing with other fuel cell types, a key advantage of the SOFC is the ability to utilise (or, 

more correctly, oxidise) a variety of fuels into electrical power and heat. This includes not only 

hydrogen but also carbon monoxide, and other carbon-containing fuels. The production of water (or, 

more correctly, steam) on the fuel-side of the SOFC enables ‘internal reforming’ to be conducted. 

Here, methane is fed directly to the anode compartment and split into H2 and CO. These molecules 

are subsequently converted to H2O and CO2 via electrochemical reaction. Importantly, therefore, 

SOFCs are capable of avoiding poisoning from molecules (i.e. CO) that would otherwise degrade the 

cell performance of other types of fuel cell (e.g. PEFC). Perhaps more poignantly, the ability of SOFCs 

to use a wide-range of fuels grants them status as a bridging technology (linking the methane and 

hydrogen worlds) which would ease a transition between such systems. Further, the technology can 
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be viewed as a low-regrets option given its application does not rely on a wide-scale hydrogen 

infrastructure (as PEFC technology, for example, would undoubtedly require) and can be employed in 

many different future energy scenarios. In Section 1.1, the future energy landscape was discussed and, 

importantly, the likely future reliance on some low-carbon fuel network was described (be it biofuels 

or e-fuels). SOFC technology represents an opportunity to utilise such fuels with high efficiency and 

hence reduced environmental impact.  

SOFCs have been operated at a range of different temperatures (500-1000˚C). The chosen operating 

temperature is, in part at least, determined by the cell materials which are reviewed in further detail 

shortly. On the one hand, higher temperatures are beneficial with respect to improving reaction 

kinetics but, on the other hand, they can offer some substantial engineering challenges.         

1.2.2 Thermodynamics, efficiency and kinetics 

To understand the cell output and efficiency of SOFCs, it is useful to first consider the fundamentals 

of fuel cell thermodynamics. The two key properties are the standard Gibbs Free Energy of reaction 

(∆𝑔𝑇) and the enthalpy of reaction (∆ℎ𝑇) at the temperature of reaction6. The former of these 

properties describes the maximum work (welectrical) obtainable from the reaction, whereas the latter 

describes the total energy contained within the fuel (wtotal). The crucial equations that relate these 

quantities with the thermodynamic cell voltage (EO) and maximum theoretical thermodynamic 

efficiency (ηthermodynamic) are: 

𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
𝑤𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑤𝑡𝑜𝑡𝑎𝑙
=

∆𝑔𝑇

∆ℎ𝑇
=

∆ℎ𝑇 −  𝑇∆𝑠𝑇

∆ℎ𝑇
= 1 −

𝑇∆𝑠𝑇

∆ℎ𝑇
 [𝐸𝑞 1.2] 

𝐸𝑜 = −
∆𝑔𝑇

𝑛𝐹
== −

∆ℎ𝑇 −  𝑇∆𝑠𝑇

𝑛𝐹
 [𝐸𝑞 1.3] 

Where the remaining properties, n, F, T, ∆𝑠𝑟 represent the number of electrons transferred in the 

reaction, Faraday’s constant, the temperature of reaction and the corresponding entropy of reaction. 

                                                           
6The values of Gibbs free energy of formation, enthalpy of formation and entropy of formation are 
temperature-specific (see Appendix A) 
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A more comprehensive assessment of fuel cell thermodynamics is provided in Appendix A. It is 

apparent from Eq. 1.2 and 1.3, however, that the operating temperature (T) has a sizeable impact on 

the voltage and thermodynamic efficiency. At increased temperatures, these properties begin to 

decrease. Clearly, such a situation would indicate that high temperatures are undesirable.  However, 

it is first important to remember that the thermodynamic efficiency is only a single factor determining 

the wider system performance: 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 =  𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐  ×  𝜂𝑣𝑜𝑙𝑡𝑎𝑔𝑒  ×  𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙   ×  𝜂𝑓𝑢𝑒𝑙 𝑢𝑡𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛  × 𝜂𝐵𝑂𝑃 [𝐸𝑞 1.4] 

Where ηvoltage, ηthermal, ηfuel utilisation and ηBOP represent the voltage efficiency, thermal efficiency, fuel 

utilisation efficiency and balance of plant efficiency, respectively. Further, and to the benefit of SOFC 

systems, the higher operating temperature ensures that the ‘waste heat’ (𝑇∆𝑠𝑇) becomes a more 

useful resource than that for lower operating temperatures. This heat can be recaptured and 

employed in heating or cooling processes (e.g. for Combined Heat and Power systems). Such an 

approach can enhance the system-level efficiency, with up to 90% efficiency said to be possible [46].  

A key advantage of the SOFC when compared with other fuel cells is the improved reaction kinetics. 

The practical operating voltage (E) is associated with a number of voltage losses which can be 

described as (a) activation losses (ѵ𝑎𝑐𝑡), (b) ohmic losses (ѵ𝑜ℎ𝑚𝑖𝑐) and (c) concentration losses (ѵ𝑐𝑜𝑛𝑐): 

𝐸 = 𝐸𝑜 −  ѵ𝑎𝑐𝑡   −  ѵ𝑜ℎ𝑚𝑖𝑐 −  ѵ𝑐𝑜𝑛𝑐  [𝐸𝑞 1.5]     

The impact that these losses have on cell output can be appreciated when studying the ‘polarisation 

curve’ (Figure 1.5a). The typical effects of operating temperature on these losses can be appreciated 

in Figure 1.5b. SOFCs, via their use of high temperatures, have much reduced activation losses and 

this is most apparent at low current densities (i.e. the left hand side of the graph).  

As was briefly mentioned earlier in this chapter, a key advantage that Solid Oxide Cells7 possess is the 

ability to operate ‘in reverse’ to perform electrolysis. It is important to note that this is a feature that 

                                                           
7Here the more general term ‘Solid Oxide Cell’ (SOC) is used to note that in, a reversible system, the cell 
operates in both ‘Fuel Cell mode’ and ‘Electrolysis mode’ 
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is not necessarily common across all types of fuel cell. Such an ability is advantageous for electrical 

energy storage in that it avoids the need for two separate devices to perform each function (i.e. 

reducing capital costs for electrical energy storage). Additionally, the thermodynamic8 and kinetic 

performance of an SOC is superior to that of other types of low-temperature electrolysis system, 

meaning that very high conversion efficiencies can be achieved (and thus a reduced electrical input is 

required to achieved a given amount of hydrogen production, relative to lower temperature 

electrolysis). Although a thermal input is required for such processes, this can be achieved from waste 

heat (e.g. waste heat from nuclear power plants).     

 

Figure 1.5 (a, top) The effect of different losses on the polarisation curve [47], (b, bottom) a comparison between the 
polarisation curves of a typical low and high temperature fuel cell [48]. 

                                                           
8In the case of electrolysis the thermodynamic efficiency is represented as:  𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐=1 −

∆ℎ𝑇

𝑇∆𝑠𝑇
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1.2.3 Applications and industry advancement 

Although the uptake of SOFC technology since its inception has been slow, the last decade has seen 

some improving fortunes [44]. The key use-case for SOFC technology is often considered to be 

stationary power applications, with back-up power and uninterruptible power supply systems making 

up the majority of SOFC installations. In the transport sector, the start-up times of SOFCs (i.e. the time 

to heat-up to operating temperature) are considered a barrier to their application. Nevertheless, SOFC 

has garnered some interest for these applications. Mostly this is with respect to their use as Auxiliary 

Power Units (APUs) for heavy goods vehicles [49] and aircraft [50] where longer start-up times are less 

prohibitive. Automotive manufacturer Nissan, meanwhile, have developed a prototype vehicle with 

an SOFC power-train, suggesting that perceived issues with start-up can be overcome [51].   

An increasing number of case studies around the world offer encouragement that SOFC technology 

will play a growing role in the provision of electrical power and heat. Bloom Energy in the United States 

have driven the commercialisation of their Uninterruptible Power Supply systems [52]. These ‘energy 

servers’ draw on SOFC technology and are designed to operate on natural gas.  Here, ‘big tech’ 

companies (e.g. eBay, Amazon) have been identified as a key market. This is due to the value that 

these companies place on a reliable power supply. In Japan, led by years of hydrogen research, 

thousands of SOFC/PEFC micro-Combined Heat and Power (μ-CHP) systems have been installed across 

the country as part of the ENE-FARM scheme to accelerate the commercialisation of such technology 

[53]. These CHP systems are intended to improve the overall efficiency of the energy system by 

eliminating transmission losses and producing power and heat at the point of use. European 

manufacturers have joined the drive to produce domestic fuel cell products, with the EU-funded PACE 

project [54] providing incentives to improve awareness and uptake of μ-CHP systems, whilst driving 

reduced costs and an improved regional supply chain. In the UK, the development of the Steel Cell® 

at Ceres Power has brought about notable commercial interest due to the scalability and mechanical 

resilience of their SOFC stacks [55].  
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1.3 SOFC materials 

SOFC materials have been intensely researched over the last 50 to 60 years to improve the 

performance and resilience of the technology [45]. Material selection is capable of delivering 

considerable improvements in cell performance in terms of power output. Importantly, there has 

been a drive to reduce the operating temperatures of SOFC and materials development has helped to 

achieve this. Here the requirements of each component are presented before a discussion of some of 

the mainstream materials. There are a number of comprehensive overviews on materials research for 

SOFC and further in-sight can be gained in those works [56–58].   

   

Figure 1.6 – Schematic of a planar fuel cell stack, illustrating the flow of gas, oxide ions and electrons. 

1.3.1 Material requirements 

The SOFC is comprised of several key components; anode, cathode, electrolyte and interconnects. 

Their assembly is illustrated in Figure 1.6. Each of these components is required to perform a different 

role within the cell and, as a result, the requirements placed on each is different. All of the components 

must perform their role over many 1000s of hours without significant degradation rates; lifetimes of 

around 10 years are seen as a fundamental requirement for many stationary systems [59]. Critically, 

degradation rates may be accelerated at high temperature, as ion migration and reaction between 
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materials is accelerated [60]. It is imperative that the materials are synchronised to avoid a mismatch 

with respect to thermal expansion or to avoid chemical reaction between neighbouring components.  

As with all fuel cells, the electrolyte represents the central component of the SOFC and is engineered 

to operate within both the reducing and oxidising environments observed at the anode and cathode 

side of the cell, respectively. In effect, the electrolyte serves to extend the reaction between H2 and 

O2 (i.e. the exchange of electrons) over the macroscopic scale rather than at the atomic scale9. This is 

a fundamental principle in the operation of all types of fuel cell. The key for an electrolyte material is 

to permit the transport of ions whilst preventing the flow of electrons. A critical parameter for an 

electrolyte material is the transference number (𝑡𝑟) which represents the ratio of ionic conductivity 

to total conductivity. A transference number close to unity is preferable for the electrolyte.  

In the case of the anode and the cathode, the key requirement is to promote the Hydrogen Oxidation 

Reaction (HOR) and the Oxygen Reduction Reaction (ORR), respectively: 

𝐻2(𝑔) + 𝑂2− + 2𝑒− →  𝐻2𝑂(𝑔) (𝐻𝑂𝑅) [𝐸𝑞 1.6]  

1

2
𝑂2(𝑔) + 2𝑒−  →  𝑂2− (𝑂𝑅𝑅)[𝐸𝑞 1.7] 

A key attribute of fuel cell electrodes is to provide the necessary electronic and ionic transport 

properties to promote these reactions (i.e. transport of electrons, ions, oxygen and fuel). In order to 

ensure sufficient fuel/oxygen is transported through the electrode, the anode and cathode are 

generally porous. In an SOFC, composite electrodes (of two or more phases) are often employed in 

order to reap the relative benefits of two different materials. Often this translates to an electron-

conducting phase and an oxide-ion-conducting phase. An alternative to these composite electrodes 

would be the employment of single-phase materials that are capable of conducting both electrons 

                                                           
9 The electron transfer process occurs at two spatially separate sites (anode and cathode) rather than directly 
between the molecules themselves. In other word, instead of electrons being transferred directly between H2 
and O2 molecules (e.g. in a combustion reaction), the electrolyte creates a physical barrier between the 
reactant molecules and causes the electron transfer process to be diverted via an external circuit (i.e. ‘useful 
power’).  
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and oxide ions. These materials are referred to as Mixed Ionic Electronic Conductors (MIEC) and are 

deemed to be a preferred option.  

The interconnects that separate cells have several functions and are primarily used to supply 

electrons, fuel and oxidant to the electrodes.  In contrast to the electrolyte, the interconnects should 

have high electrical conductivity and low oxide ion conductivity (i.e. 𝑡𝑟≈0). A key requirement for 

interconnect materials is that they should offer good stability and should be reasonably easy to 

machine/manufacture into shape (given the need to have pathways/grooves for the gas to be 

provided to the cells). An overview of the various requirements placed on the described components 

may be observed in Table 1.1. As may be appreciated, a demanding set of requirements places serious 

limitations on the materials which may be employed in the SOFC application. Given these constraints, 

it can be considered a testament to SOFC researchers that this technology has been brought to the 

early stages of commercialisation. Although there are a great number of materials proposed in the 

academic literature, we shall first consider the state-of-the-art to offer an overview of those materials 

that have already been developed and are part of the current commercialisation efforts.  

Table 1.1 – Table of requirements for fuel cell stack materials;  denotes a critical requirement  denotes a preferred 
characteristic  - denotes a requirement that is not applicable or not required  denotes a property that should be avoided. 

 Electrolyte Cathode Anode Interconnect 

Oxide Ion Conductivity     

Electronic Conductivity     

Stability in HT Reducing Conditions  -   

Stability in HT Oxidising Conditions   -  

Thermal Expansion match     

Catalytically active for HOR - -  - 

Catalytically active for ORR -  - - 

HT Chemical stability with electrolyte -   - 

HT Chemical stability with interconnect -   - 

Low Cost     

Machinability - - -  
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1.3.2 Electrolyte materials 

1.3.2.1 Zirconia-based 

Electrolytes based on zirconia (ZrO2) are probably the most widely considered subset of materials 

which have found application in SOFCs. Zirconia itself does not offer appreciable oxide conductivity 

but doping with trivalent cation species (e.g. Y3+ in Y2O3), leads to the formation of oxygen vacancies. 

This can be represented by Kroger-Vink notation: 

𝑌2𝑂3  + 2𝑍𝑟𝑍𝑟
𝑥 +  𝑂𝑜

𝑥  → 2𝑌𝑍𝑟
′ +  𝑉𝑂

∙∙ + 2𝑍𝑟𝑂2 [𝐸𝑞 1.8] 

The formation of these oxide vacancies enables the oxide ions to migrate through the ionic lattice. 

This is achieved via a hopping mechanism whereby the O2- moves to the vacant site and occupies it, 

leaving a vacant side behind it. Given this relationship, it may be assumed that oxide conductivity 

increases proportionally with an increasing dopant concentration. However, it is found that there is a 

limitation to this relationship and, for the YSZ system at least, this is found to be around 8mol% of 

Y2O3 concentration (corresponding to Y0.15Zr0.85O1.925, 15% yttrium on the zirconium site) [61]. Above 

this concentration, the oxide vacancies begin to form associations with the dopant species. The result 

is a ‘clustering’ of the defect species, leading to a reduction in vacancy mobility and, hence, 

conductivity [62,63].  

A host of dopant materials have been utilised for the development of ZrO2-type electrolyte materials, 

including Y2O3 (yttria-stabilized zirconia, denoted YSZ), Sc2O3 (scandia-stabilized zirconia, denoted SSZ) 

and double-doped Sc2O3 and Al2O3 compositions (scandia-alumina-stabilized zirconia, denoted SASZ). 

The use of scandia offers particularly high conductivity due to the dopant ionic radius being similar to 

that of the host cation [58]. However, for cost reasons, YSZ is commonly preferred and found to offer 

good electrolyte properties.  

1.3.2.2 Ceria-based 

CeO2-type oxide conductors are another class of materials used as SOFC electrolytes. Sm-doped ceria 

(SDC) and Gd-doped Ceria (GDC) have become the more employed CeO2-based systems for use as 
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electrolyte materials.  Generally speaking, ceria-type electrolytes offer higher ionic conductivity than 

the ZrO2 compositions already described. The materials are particularly attractive at lower operating 

temperatures (below 600˚C). At higher temperatures, however, electronic conductivity begins to 

increase. This is a result of the favourable reduction of Ce4+ to Ce3+ at such temperatures [64]. As such, 

the issue of electronic conductivity restricts the employment of CeO2 electrolytes above 600˚C. As will 

be described later, however, CeO2 materials are employed at intermediate-to-high operating 

temperatures for purposes that will become apparent later.   

1.3.2.3 Other 

Although both ceria and zirconia-based electrolytes are generally seen as the state-of-the-art, there 

are a number of alternative electrolyte materials which have been studied. Whilst more widely used 

as cathode materials, perovskite phases (general formula ABO3) have garnered some interest [65]. La1-

xSrXGa1-yMgyO3 (LSGM) is perhaps the most widely acknowledged of these in the literature. In this 

system, the preferred formation of oxide vacancies on doping (rather than electron holes as seen in 

many other perovskites) leads to high oxide conductivity and negligible electronic conductivity. 

In recent times, proton conducting SOFCs (sometimes denoted H-SOFC) have become an area of 

interest [66,67]. The core of this technology is a ceramic electrolyte that can allow H+ ion transport. A 

key benefit of this is the greater ease with which protons are able to move compared to the oxide ion. 

As a result, lower temperatures may be employed with these materials. Again, perovskite materials 

have found application here. Electrolytes of type BaCeO3 and BaZrO3 (doped with a trivalent cation) 

have both been employed for the use in proton conducting SOFCs.  

1.3.3 Anode materials 

1.3.3.1 Ni-based electrodes (e.g. Ni-YSZ) 

The state-of-the-art SOFC anode is a porous, cermet (a ceramic-metal composite) comprised of a Ni-

catalyst and an oxide-conducting phase, commonly YSZ [60,68,69]. This draws on the electronic 

conduction and catalytic properties of Ni and the oxide-conducting properties of the YSZ. Importantly, 
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the percolating network that results extends the so-called ‘Triple Phase Boundaries’ (TPB) away from 

the electrolyte-cathode interface. These TPBs are defined as points at which the reactions can occur. 

Referring back to the HOR (and hence the case of the anode), this occurs where the gaseous hydrogen, 

oxide ions (transported via the oxide-conducting phase) and the electrons (transported via the 

electron-conducting phase), meet. As an alternative to Ni-YSZ, some SOFC cell designs employ a Ni-

GDC cermet. In this instance, the GDC performs the ion-conducting function. The perceived 

advantages of this combination of materials (in comparison with Ni-YSZ) relate to the conducting 

properties of the CeO2 phase (see Section 1.3.2.2) and also an improved tolerance to poisoning 

processes [70].  

1.3.3.2 Other 

Although Ni-based anodes are the overwhelming favourite anode material, some alternatives have 

been proposed. One familiar issue with Ni-based anodes is their tendency to form carbon deposits 

when employed with methane (i.e. coking).  The use of Cu as a catalyst has been shown to go some 

way in reducing this phenomenon but, conversely, Cu is an inferior catalyst to Ni so such anodes can 

lead to reduced cell output [58]. Another popular class of anode materials amongst the research 

community are doped-SrTiO3 perovskite systems [65,71]. These materials are stable within the 

reducing environment of the SOFC anode, with growing interest in Ni doped analogues of these, which 

lead to exsolution of Ni nanoparticles on reduction. The development of all-perovskite SOFCs is 

thought to have certain benefits with respect to the structural cohesion that results.   

1.3.4 Cathode materials 

1.3.4.1 Perovskites 

Today, cathode materials are perhaps the most widely researched component of the fuel cell stack. A 

rich quantity of materials have been proposed, synthesised and characterised. Previously, we 

mentioned the possible employment of perovskites as electrolytes and anode materials, but their role 

in the SOFC is most notable for their use as cathode materials. The interest surrounding perovskites 
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reflects the broad range of systems and properties that are observed within this series [65]. As an 

example, conductivity properties are found to range from pure electronic to pure ionic, with examples 

of mixed conductivity in between.  

 

Figure 1.7 - Different representations of the perovskite structure [72–74]. 

The perovskite structure has a general formula of ABO3 (e.g. SrTiO3), where cation species are found 

at the A and B-sites of the crystal structure. This structure is shown in Figure 1.7. In SOFC cathodes, at 

the A-site sits a lanthanide (e.g. La, Pr) or alkaline earth element (e.g. most commonly Sr or Ba).The B-

site, meanwhile, is taken up by a first-row transition metal (e.g. Ni, Co, Fe, Mn). In the ideal state, the 

structure possesses a cubic lattice, with the Goldschmitt tolerance factor (t) used to describe the 

tendency to deviate from this condition: 

𝑡 =  
(𝑟𝐴 + 𝑟𝐵)

√2(𝑟𝐵 + 𝑟𝑂)
 [𝐸𝑞 1.9] 

Where 𝑟𝐴  and 𝑟𝐵 are the radii of the ions at the A and B-site and 𝑟𝑂 is the radius of the oxygen ion. For 

perovskites, the tolerance factor varies between 0.8 and 1.1, with a cubic system favoured for values 

close to 1. Ishihara [65] has provided an excellent text on the use of perovskite oxides for SOFCs. The 

authors describe the stability, as well as the crystal structure, of the perovskite to be “determined by 

the ratio of the ionic radii of the A and B crystals” as well as on the co-ordination preference of the A 

and B cations.  
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1.3.4.1.1 LaMnO3-based perovskites 

Similar to the manner in which ZrO2 does not possess appreciable oxide conductivity, LaMnO3 is itself 

not a greatly attractive proposition as an SOFC electrode material. The material possesses intrinsically 

low conductivity [75]. However, the use of dopants is capable of changing this significantly. The A-site 

doped La1-xSrxMnO3 represents one of the most used cathode compositions and, until around the 

2000s [45], was deemed the state-the-of-art. This material (La0.8Sr0.2MnO3 or La0.6Sr0.4MnO3 are 

commercially available compositions) has appreciable electrical conductivity at operating 

temperatures as well as favourable thermal expansion and chemical stability properties (in relation to 

the neighbouring electrolyte materials discussed previously).  

As was described for the Ni-YSZ anodes, the employment of composite cathode materials has been 

found to offer beneficial performance. Again, the combination of a predominantly ionic-conducting 

phase with an electronically conducting one offers a promotion of cathode performance (i.e. LSM-

YSZ). In this case, LSM (stable in high temperature, oxidising conditions) replaces the Ni which would 

otherwise oxidise to NiO under cathode conditions.    

1.3.4.1.2 LaCoO3-based perovskites 

Reducing the temperatures of SOFC operation is deemed to have a number of beneficial effects. In 

order to achieve this, however, materials with appreciable performance (i.e. ionic and electrical 

conductivity at reduced temperatures) are required. So-called Mixed Ionic Electronic Conductors 

(MIEC) are today seen as the preferred materials for SOFC cathodes, replacing the metal-ceramic 

cermet (LSM-YSZ) described previously. La1-xSrxCoO3 (LSC) and La1-xSrxCo1-yFeyO3 (LSCF) have been 

shown to offer particularly good performance in-situ and have enabled a reduction in operating 

temperatures to be achieved [45]. These materials have appreciable electronic and oxide conductivity, 

extending the amount of reaction sites through the thickness of the cathode. A great body of research 

work has been afforded to these materials in terms of understanding their performance and 

degradation modes.  
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1.3.4.2 Alternative structures 

Although perovskites are no doubt the most researched family of materials with respect to SOFC 

cathode materials, alternatives are also considered in the literature. Mostly, these alternatives relate 

to the perovskite structure including the Brownmillerite, double perovskite and Ruddlesden-Popper 

phases [76]. The Ruddlesden-Popper phases, in particular, have gained some substantial research 

attention due to their favourable oxide-conducting properties. We shall review some of the work in 

this area in greater detail in Chapter 2 since these are integral to the subject matter of this thesis.  

1.4 SOFC degradation processes 

SOFC degradation rates are a key issue for the development of the technology [60]. High operating 

temperatures are capable of accelerating degradation processes, driving thermal instabilities and 

chemical reaction between neighbouring components as well as leading to structural changes (i.e. 

grain coarsening/loss of catalyst surface area). These phenomena can lead to a lowering of the cell 

output (i.e. power density output). Broadly speaking, degradation can be categorised into three types: 

 Passivation of catalysts via impurities from fuel or oxidant 

 Microstructural changes 

 Thermal/chemical instabilities of materials or reaction between cell and stack components 

We will briefly discuss these to identify the main issues which limit SOFC cell life-times. From this, it is 

possible to appreciate where the greatest improvements may be required for the next generation of 

SOFCs. A more focussed discussion on certain phenomena is provided in Chapter 2.  

1.4.1 Fuel / oxidant impurities 

Given the wide breadth of fuels that can be employed within SOFC systems (e.g. hydrogen, natural 

gas, biofuels), it is of little surprise that significant research has been placed into understanding the 

effect of various common impurities (e.g. H2S, NH3, siloxanes) on SOFC anodes [77,78].  Sulphur 

species, in particular, are known to have a strong poisoning effect on the common Ni-catalyst of the 

cells [79,80]. Exposure to molecules such as H2S can lead to a rapid loss in power output. Sulphur has 
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been shown to have the ability10 to negatively influence SOFC performance when its fuel-stream 

content is as low as 0.05 ppm [80]. On the cathode side of the SOFC, the use of ‘real-world’ 

atmospheric air means that a host of minor species may be present [81]. This may include NOX and 

SOX species.  

The deposition of solid carbon (i.e. coking) as a result of employing carbonaceous fuels can also impact 

the anode performance [82]. Again, the deposited carbon is capable of passivating the catalytic 

behaviour of Ni or even blocking pores and hindering gas diffusion. To avoid such issues, the oxygen-

to-carbon ratio needs to be carefully chosen in the fuel stream (a ratio of around 1.5-to-1 is suggested 

to be necessary in reference [83]). 

1.4.2 Microstructural changes 

The microstructure of the SOFC cells is known to have an important impact on cell performance. 

Fabrication conditions are tuned carefully in order to ensure good adhesion between cell layers and 

to ensure suitable porosity and catalyst surface area is provided for the ORR and HOR. Under the 

conditions of SOFC operation, these features can be degraded [84].  

The cracking of electrolytes can ultimately be fatal for an SOFC [85]. Such features enable fuel and 

oxidant to cross through the electrolyte and for direct combustion to occur. This can lead to the 

formation of hot-spots and, ultimately, the fracture or failure of the cell. Given that thin electrolytes 

are preferred to improve cell performance, care needs to be taken to prevent cracks forming during 

assembly. With respect to Ni-based anodes, meanwhile, so-called ‘redox’ cycling where the Ni is 

cyclically oxidised (to NiO) and reduced (back to Ni) can cause structural damage to the cell [84,86]. 

The cyclic expansion and contraction of the cell can lead to cracking of the cell or delamination of the 

electrode.   

                                                           
10 The effect of sulphur species is influenced by other factors including operating temperature 
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Electrode de-lamination is an often-cited issue that can lead to a loss in performance (e.g. [87]). This 

can be exacerbated by a thermal expansion mismatch between materials; this is an issue which is 

known for LaCoO3 type cathode materials which have much higher thermal expansion coefficients 

(~20 𝑥 10-6˚C-1 [88]) than those of conventional electrolyte materials like YSZ and GDC (~12 𝑥 10-6˚C-1  

[89]). Such a mismatch in thermal expansion properties can offer issues during both fabrication and 

during operation (any exposure to thermal cycling).  

Nickel agglomeration or coarsening is another issue which commonly features in academic literature 

(e.g. [90]). The coarsening of grains and resulting loss of catalytic area can have a deleterious effect 

on the performance of the anode (and cell). These effects can be further heightened by the presence 

of steam which has been found to accelerate coarsening processes. Coarsening is also a known issue 

at the oxygen electrode side of the SOFC. This is particularly problematic for nano-structured or 

‘infiltrated’ cathodes which have become popular amongst the research community in recent times.    

1.4.3 Chemical incompatibility / secondary phase formation 

1.4.3.1 Instability and chemical reactivity  

A key issue with operating at high temperatures is the effects that this can have on the cell materials 

in isolation of one another. As an example of this, Sr-containing cathode materials can suffer from the 

segregation of Sr in the form of SrO [91]. In itself this has a damaging effect, leading to a lowering of 

surface exchange properties. Additionally, the resulting SrO can react with species such as CO2 to form 

SrCO3. In such a case, the SrO acts as a ‘getter’ for such species and the formation of these phases can 

further affect the finely-tuned performance of the cell.  

Under SOFC operating conditions, there has been shown to be a tendency for cation diffusion into 

neighbouring components and a formation of secondary phases. Perhaps most commonly, a reaction 

between YSZ and common cathode materials such as LSCF or LSC is known to occur. The formation of 

La2Zr2O7 or SrZrO3 between these layers can have a negative effect on cell output [92]. This effect is 

usually observed during sintering processes (>1000 ˚C). To overcome this, an ‘interlayer’ between the 
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electrolyte and the cathode material is often used. Commonly GDC layers of just a few microns are 

employed, protecting the materials from reaction with one another. Alternatively, YSZ can be removed 

altogether with a GDC electrolyte employed instead. However, as discussed earlier, such an approach 

would likely limit operating temperatures to below 600˚C given the mixed conductivity of CeO2 phases 

above this temperature. 

1.4.3.2 Chromium Poisoning  

The phenomenon of ‘chromium poisoning’ is known to significantly hamper the lifetime of SOFC cells 

and is described in detail in our recent review paper on this matter [93]. Chromium from the stainless 

steel interconnects is vaporised in the form of CrO3 and CrO2(OH)2 and migrates to the cathode where 

it deposits in solid form. The solid chromium species that is subsequently deposited is heavily 

dependent on the cathode material itself. The resulting effect, therefore, is not identical for all 

materials. In the case of LSCF and LSC, chromium vapours are found to react with segregated SrO to 

form SrCrO4. This phase is highly insulating and can rapidly deteriorate cell performance. Today, 

interconnects are commonly coated with ceramics (e.g. (Mn,Co)3O4) to prevent significant migration 

of chromium but these are not completely effective and can have their own degradation effects [94]. 

We will further consider the role of chromium poisoning on cell lifetime in Chapter 2.  

1.5 Discussion 

So far in this chapter, we have discussed an overview of some of the common SOFC materials and 

some of the general degradation effects which can inhibit their performance. Today, the overall trend 

for SOFC research is to lower the operating temperature (below 800˚C and towards 600˚C). This has a 

number of beneficial effects: 

 Ability to use lower cost stainless steel interconnects rather than ceramics which are used at 

higher operating temperatures (900-1000˚C) 

 Reduction in thermal effects (i.e. thermomechanical effects and high temperature 

instabilities) 
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 Reduced time for system start-ups  

However, this also places extra demand on finding materials which can offer suitable performance at 

such temperatures. The challenge is perhaps most demanding on the oxygen electrode side of the cell 

where the kinetics of the ORR are slower than the HOR. Producing materials with suitable performance 

at reduced temperature whilst simultaneously avoiding degradation processes has proven to be a 

delicate balancing act.  

In our aforementioned review on chromium poisoning, we identified that Cr-poisoning was a major 

degradation process in SOFCs and that La-nickelate materials have been shown to offer some promise 

in avoiding or reducing these effects. This includes perovskite-type materials like LaNi0.6Fe0.4O3-δ  as 

well as the Ruddlesden-Popper type materials such as La2NiO4+δ. Whilst such materials do not appear 

to be immune to the effects of chromium poisoning, the literature would indicate they may be able to 

offer a noted improvement in comparison with conventional materials like LSM, LSC and LSCF. 

However, such considerations on degradation rates do not necessarily factor in the performance of 

the nickelates in comparison with such materials. Clearly, a material which has far inferior 

performance but greater stability is unlikely to offer a serious alternative to conventional choices. To 

provide clarity, this work will look to offer a comprehensive analysis on the in-situ performance of La-

nickelates as oxygen electrode materials in SOFC technology. 

1.6 Overview of thesis goals 

In this thesis, we look to offer insight into whether or not La-Ni-O cathode materials offer a serious 

alternative to conventional cathode materials like LSCF. The aims of the thesis are as follows: 

 Identify and assess the relative performance of the popular lanthanum nickelate electrode 

materials in relation to the state-of-the-art materials. 

 Understand the advantages and challenges associated with the use of these materials.  

 Consider the most promising routes for electrode optimisation with these materials with a 

focus on the use of composite electrodes. 
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 Additionally, consider whether there are any short-falls and/or inconsistencies associated 

with the electrode-level testing that is detailed in the existing literature.  

There already exists a large body of work with respect to these materials and, in Chapter 2, we will 

consider the current literature available. Importantly, we aim to assess the present understanding of 

these materials and compare it with that of conventional materials. This includes considerations on 

both the fundamental properties of these materials as well as their short and long-term performance 

in-situ. This work is conducted with an emphasis on comparison with the state-of-the-art. The 

remaining chapters of the thesis will detail our experimental work on the materials, with the 

methodology outlined in Chapter 3. Chapter 4 considers the performance of various lanthanum 

nickelates when employed as oxygen electrode materials in a symmetrical cell testing set-up. Then, in 

Chapter 5, an analysis of the same materials is conducted in a ‘single cell’ testing configuration (i.e. 

testing under polarisation). In both of these chapters, an emphasis is placed on drawing reference to 

the state-of-the-art material (LSCF) and with further reference to literature data. Further, the breadth 

of materials studied in these chapters makes it possible to consider the appropriateness of some SOFC 

testing principles and to determine which approaches are most suitable. Finally in Chapter 6, some 

efforts to identify optimisation routes are explored.   
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2 Literature review: replacing state-of-the-art cathode materials in 
SOFC 

2.1 Overview of chapter  

One intense area of research in the field of SOFC technology is the exploration of cathode materials, 

with the aim of offering improved performance and reduced degradation rates. In this chapter, the 

literature in this area is discussed. This begins with an assessment on some of the drivers for change 

and is followed by an exploration of work conducted on a group of alternative cathode materials; the 

lanthanum nickelates. The work in this chapter draws, modifies and extends on our two review papers 

in these areas [93,95]. 

2.2 Drivers for change 

2.2.1 Historical context: reducing operating temperature 

The development of SOFC cathode materials spans many decades and, in the most part, has revolved 

around the employment of electrochemically active ceramics, capable of promoting the Oxygen 

Reduction Reaction (ORR). The requirements placed on SOFC cathodes were described in the 

introductory chapter of this thesis, as was an overview of some of the state-of-the-art solutions to 

address these challenges. This chapter will look at identifying where improvements have been sought 

and where challenges remain.  

The high temperature (~1000˚C) operating regime of the early SOFC offered some engineering and 

materials-science based challenges. As was described earlier, this broadly revolved around the 

development of components with suitable resilience and performance. Most notably, the 

temperature range required the use of ceramic interconnect materials (typically LaCrO3-based). The 

SOFC interconnects, which transport both electrons and gases to the cells, require complex 

geometries which offers fabrication difficulties and hence high expense. A move towards an 

‘intermediate temperature’ regime (500 to 750˚C as defined in [96]) was thought to be beneficial in 

helping to alleviate this issue [47,96,97]. Importantly, such an approach enabled the introduction of 
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stainless steel alloys which can be fabricated at lower cost. Furthermore, such a reduction in operating 

temperature can lead to a decrease of many thermally-driven degradation issues.  

Although a decrease in operating temperature offers many attractive benefits, a number of challenges 

are brought to the fore as a direct result [96]. The transport and reaction kinetics are inevitably 

reduced and, as a consequence, cell performance is diminished. Such behaviour is clearly 

disadvantageous but materials-based research has proven this can be offset somewhat by a suitable 

selection of materials and a fine-tuning of microstructure. Perhaps most significantly, LaMnO3-type 

perovskites are replaced by doped LaCoO3-perovskites such as La1-xSrxCo1-yFeyO3-δ (LSCF) and La1-

xSrxCoO3-δ (LSC) [98,99]. These materials, due to their superior ionic and electronic conductivity, 

increase the amount of potential sites for the ORR to occur; from ‘single points’ at triple phase 

boundaries (e.g. where the LSM, YSZ and gas phases meet) to a two-dimensional coverage of the MIEC 

electrode surface. This leads to a resulting improvement on performance when compared with La1-

xSrxMnO3-δ (LSM) and, as a result of such factors, doped lanthanum cobaltites are generally seen as 

the preferred SOFC cathode material in commercial cells.  

2.2.2 Assessing degradation rates: are they too high? 

In achieving successful commercial SOFC systems, long-term degradation rates are of key importance. 

Given the environment under which SOFCs are fabricated (>1000˚C) and operated (600 to 800˚C), it is 

perhaps unsurprising that a sizeable challenge is presented. The commonly discussed requirement for 

stationary power applications (currently the area for SOFC market expansion) is to offer around 10 

years (~90,000 h) of continuous operation [59]. The Solid State Energy Conversion Alliance (SECA) in 

the US aim to achieve average degradation rates of no greater than 0.2% per 1000 h by 2030 [100]. 

Elsewhere, Japan’s ‘New Energy and Industrial Technology Development Organisation’ (NEDO) have 

targeted a more stringent degradation rate of ≤0.1%/1000 h over a 90,000 h lifetime [101]. 

Understandably, there is relatively little data available for the case where state-of-the-art cells have 

been operated for such periods. In fact, to the best of our knowledge, only one SOFC stack has 
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completed testing for such a period [102]. Analysis of this test therefore becomes of keen interest. 

The average degradation rates for the cells in the stack are observed in Table 2.1 and defined for 

several time periods. It is observed that the loss in performance measured over the time period exceed 

the aforementioned requirement, although the degradation rate itself is not linear and evolves over 

the life of the SOFC cell. It is notable in the aforementioned study that the authors indicate an 

improvement can be anticipated due to an already-developed advancement in the technology. More 

specifically, this relates to an improved interconnect coating (i.e. (Mn,Co,Fe)2O4 rather than MnOX) 

which alleviates the effects of chromium poisoning to a greater extent. ‘Chromium poisoning’ is 

identified as a key degradation driver in the study (particularly during the first 40,000 hours of 

operation) and will be discussed in more detail in Section 2.2.3.3.  

Although there is a scarcity of data studying cell or stack degradation over the full, desired 10-year 

lifetime, there are a number of studies considering different cell configurations for shorter time 

periods. This includes a notable body of work by key research players Jülich in Europe [98] and by 

NEDO in Japan [99]. A selection of long-term SOFC stack tests are shown in Table 2.2. These studies 

indicate that degradation rates can vary significantly (no doubt a result of the range of cell materials 

and testing parameters) but have been demonstrated to be as low as targeted degradation rates in at 

least one instance. Perhaps notably, the stack to have achieved this was operated at 900˚C and 

employed an LSCM cathode material and a Sm-doped-Ceria interlayer (i.e. not the often preferred 

intermediate temperatures range utilising an LSCF cathode and GDC interlayer). Aside from that result, 

it is notable from the evidence presented that reported long-term degradation rates have mostly been 

found to remain above the SECA and NEDO targets and as high as 2.6%/1000 h in some instances. 

Skafte et al.[101] have provided further analysis of stack degradation rates and the reader is referred 

to that work for a more detailed discussion.  
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Table 2.1 – Average cell degradation rates for a 2-cell stack operated for 100,000 h as presented in [102]. Cells of type 
LSCF6428 | GDC | YSZ | Ni-YSZ in contact with MnOX-coated stainless steel interconnects were employed for this work. 

 Period I Period II Period III Period IV Period V Total 

Time ~3000 h 3000 to 

16,000 h 

16,000 to 

39,000 h 

39,000 to 

69,000 h 

69,000 to 

93,000 h 

~93,000 h 

Voltage Deg. 

Rate (%/kh) 

1.4 0.7 1.1 0.3 <0.1 0.5 

(Average) 

ASR Deg. 

Rate (%/kh) 

6.6 3.6 5.1 1.4 0.2 2.5 

(Average) 

 

A key issue in interpreting the data from literature is in understanding how degradation rates can be 

broken down into different contributions. Many authors have employed physical characterisation 

techniques (e.g. SEM/EDX) to explore the causes of degradation. In a number of these studies, several 

noteworthy degradation mechanisms associated with the cathode are described (migration of cations 

and formation of new phases) [103–105]. These phenomena will be explored in further detail in 

subsequent sections. In work by Yokokawa [106] and later by Ido et al.[107] the contributions of the 

cathode are shown to offer a sizeable portion of the overall degradation rate. Interestingly, in the 

former study, the largest contributions to degradation are associated with ohmic losses. However, as 

is noted by the authors, “it is not easy to find out proper places for resistivity increase along the 

electrical paths”. In other words, degradation of the ohmic contribution could result from numerous 

effects relating to different components within the cell. As is discussed by Yokokawa et al.[99], this 

may include (a) phase changes in the electrolyte or (b) the formation of insulating phases within the 

cell. In the latter case, this may relate to phenomena related to the cathode (e.g. SrZrO3 or SrCrO4 

formation). The evidence available in the literature supports the common perception that cell 

degradation is heavily influenced by cathode material selection. In turn, this suggests that material 

selection can further help to reduce degradation rates. To develop additional understanding on how 

this could be achieved, the attention will now be switched to understanding some of the key 

degradation routes.  
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Table 2.2  - Long-term degradation studies on SOFC stacks. LMCC=La0.97Mn0.4Co0.3Cu0.3O3 (Contact Layer). 

Institute 

[Stack Ref.] 

Cell Config.  Interconnect  

(Coating) 

Time 

period 

Temp.  

 

Fuel / Oxidant 

[utilisation] 

Current 

density 

(Acm-2) 

Degradation Rates Ref 

Jülich 

[F1002-97] 

 

Ni-YSZ | YSZ | 

GDC | LSCF 

ITM 

Interconnector 

(MnOX) 

~100,000 

h 

700˚C H2 / Air 

[40% utilisation] 

0.5 0.5%/1000 h (V) 

2.5%/1000 h (ASR) 

[See Table 2.1 for further details] 

[102] 

Westinghouse 

 

Ni-YSZ | YSZ | 

Doped 

LaMnO3 

Doped LaCrO3 50,000 h ~1000˚C   Not specified Not 

specified 

<0.5%/1000 h (V) [108] 

Jülich 

[F1004-21] 

 

Ni-YSZ | YSZ | 

GDC | LSCF | 

LMCC 

[Planar] 

Crofer 22 APU 

(Mn1.0Co1.9Fe0.1O4) 

34,000 h 700˚C H2 (21%H2O) / 

Air 

[40% utilisation] 

0.5 0.3%/1000 h (V) 

2%/1000 h (ASR) 

[109] 

Jülich 

[F1004-67] 

Ni-based | YSZ 

| GDC | LSCF  

Crofer 22 APU 

(MCF) 

>23,500 h 700˚C   H2 / Air 

[40%] 

0.5 0.3%/1000 h [110] 

Jülich 

[F1004-08] 

Ni-based | YSZ 

|  LSM-YSZ | 

LCC10 

 

Crofer 22 APU 

(MCF) 

19,036 h 800˚C   H2 / Air 

[40%] 

0.5 0.4%/1000 h [110] 
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Morimua MORIMURA  

Materials not 

specified 

[Planar] 

Not specified ≤18,800 h 700˚C H2/CO2/H2O 

(64/16/20%) 

/ Air  

0.518 0.31%/1000 h [80% FU] – 18,800 h 

0.34%/1000 h [85% FU] – 11,300 h 

 

[107] 

EPFL 

[#18000] 

Ni-YSZ | YSZ | 

GDC | LSCF-

GDC 

K41 / AISII Steel 

(MnCo2O4) 

~18,000 h 720 to 

780˚C 

N2/H2  

/ 

Air 

0.25 (0 to 

12,000 h) 

0.05 (12 to 

18,000 h) 

Not specified. [111] 

Jülich 

[F1002-95] 

Ni-based | YSZ 

| GDC | LSCF | 

LCC12 

Crofer 22 APU 

(MnOX) 

17,660 h 700˚C   H2 / Air 

[40%] 

0.5 1 to 1.4%/1000 h [110] 

MHPS Ni-YSZ | YSZ | 

SmDC | LSCM 

[“Segment-in-

series”] 

LST 16,000 h 900˚C Not specified 0.15 0.1%/1000 h [99] 

Jülich 

[F1002-132] 

Ni-based | YSZ 

| GDC | LSCF | 

LCC12 

Crofer 22 APU 

(MnOX) 

15,144 h 800  ˚C   H2 / Air 

[40%] 

0.5 1.5%/1000 h [110] 

Kyocera Ni-YSZ | YSZ | 

doped-CeO2 | 

LSF 

[Flattened 

Tubular] 

Not specified ~15,000 h 750˚C H2/CO2/H2O 

(64/16/20%) 

/ Air  

 

0.36 0.34%/1000 h [80% Fuel 

Utilisation] 

0.5%/1000 h [85% Fuel Utilisation] 

[107] 
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NTK <Anode> | YSZ 

| <Barrier 

Layer> | LSCF 

Not specified 10,000 h 700˚C   Not specified 0.2 0.6%/1000 h [99] 

TOTO Ni-CeO2 | 

LSGM | LSCF 

[Micro-

tubular] 

Metal-based 10,000 h 700˚C   Not specified 0.21 0.5%/1000 h [99] 

Kyocera Ni-YSZ | YSZ | 

Doped-CeO2 | 

LSF-based 

Metal Based with 

LaCrO3 separator 

10,000 h 750˚C Not specified 0.2 0.2%/1000 h [99] 

NGK NGK Stack: 

Ni-YSZ | YSZ | 

GDC  | LSCF 

Not specified 8,000 h 750˚C Not specified 0.23 0.5%/1000 h [99] 

Jülich 

[F’’’2018-07] 

Ni-based | YSZ 

| GDC LSCF | 

LCC10 

Crofer 22 APU 

(MCF) 

5450 h 700˚C   CH4-H2 / Air 

[70-80%] 

0.5 0.3%/1000 h [110] 

Versa Power 

Systems 

 

 

 

Not specified. 

[Planar]  

Ferritic Stainless 

Steel 

~5000 h 705˚C Nat. Gas / Air 

[61.6% / 14.8% 

util.] 

0.364 2.6%/1000 h  [112] 
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A Calculated based on a starting ASR value of 0.36 Ωcm2 detailed in [114] 

BDegradation rates specified in [98] 

CCalculated based on a starting ASR value of 0.26 Ωcm2 detailed in [114] 

Huazhong 

University of 

Science and 

Technology 

Ni-YSZ | YSZ | 

YSZ-based 

composite | 

LNC64 

SUS 4310 

[No coating] 

~4400 h 750˚C   H2 / Air 0.355 1.5%/1000 h [113] 

Jülich 

[F1002-56] 

Ni-YSZ | YSZ | 

LSM-YSZ | 

LSM | LCC10 

[Planar] 

JS3 Steel 

Interconnect 

3000 h 800˚C Hydrogen / Air 

[40% FU] 

0.5  86 mΩcm2 kh-1 (Cell1) [+23%/1000 

h]A 

50 mΩ cm2 kh-1 (Cell2) 

[+13.9%/1000 h]A 

68  mΩ cm2 kh-1 (Avg.) 

[+18.9%/1000 h]A 

[114] 

[98] 

Jülich 

[F1002-68] 

Ni-YSZ | YSZ | 

LSM-YSZ | 

LSM | LCC10 

[Planar] 

IT11 Steel 

Interconnect 

3000 h 800˚C Hydrogen / Air 

[40% FU] 

0.5 57 mΩ cm2 kh-1 (Cell1) 

29 mΩ cm2 kh-1 (Cell2) 

 43 mΩ cm2 kh-1 (Avg.) [6 to 

8%/1000 h]B 

[114] 

[98] 

Murata Ni-ScSZ | ScSZ 

| GDC | LSCF 

 

Not specified 3,000 h 750˚C Not specified 0.35 2.6%/1000 h [99] 
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2.2.3 Cathode degradation mechanisms 

2.2.3.1 Surface segregation 

The stability of cathode materials is a known issue contributing to the long-term performance of 

SOFCs.  As was briefly touched upon in Chapter 1, one of the most noteworthy observations for doped 

oxides like LSCF is the segregation of Sr2+ in the form of SrO. There are a number of good reviews 

studying this area in great detail (e.g. [91,115,116]) and, for a more comprehensive overview, the 

reader is referred to those papers. Here, we shall summarise some key ideas laid out in those articles. 

As described in Figure 2.1, Sr-segregation begins with a rearrangement of the atoms from the bulk 

material to the surface, before a precipitation of secondary phases as the amount of segregated ions 

exceeds the solubility limit. The effect of A-site segregation is worsened at high temperature and in 

oxidising environments (i.e. the conditions of an SOFC cathode material). The effects of this 

phenomenon can be appreciable. The precipitation of SrO on the surface of the LSCF grains can lead 

to a deactivation of the electrochemically active sites. This effect has been evidenced via consideration 

of the electrode performance before and after chemical etching of the segregated SrO [117,118]. In 

part, the precipitation of SrO can have a deactivating effect on the grounds of the insulating properties 

of the phase as well as due to the inferior oxygen exchange properties. Perhaps most significantly, 

however, the migration of Sr2+ can lead to the formation of more damaging insulating phases. This 

includes a reaction with ZrO2-based electrolytes to form SrZrO3  [119,120], as well as offering a ‘getter’ 

for impurities like  CO2 , SO2 and Cr-species [121]. It is important to note that other species (other than 

Sr) are also known to segregate out of the bulk material (e.g. Ba2+ in the case of BSCF, Mn2+ in the case 

of LSM and Co2+ in the case of LSC/LSCF).   

The driver for cation segregation is deemed to be related to a lattice strain relaxation as well as due 

to electrostatic interactions between the surface and bulk. Importantly, larger dopants (relative to the 

host ion) are known to segregate out of the bulk more easily due to the greater strain created within 

the matrix [122]. This has led to some efforts to study dopants which offer a better match with the 

host cation (e.g. Ca2+) [122]. Other attempts to alleviate this issue via a reduction in the strain energy 
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include the use of A-site sub-stoichiometry [123] and the use of alternative, smaller B-site cations 

[124]. Particularly relevant for our later discussion on La-Ni-O systems, it has been observed that the 

use of Co or Ni can help to suppress the segregation of Sr in comparison with Mn and Fe [124].  

 

Figure 2.1 - The process of SrO segregation from LSCF [91]. (A) Schematic images depicting the atomic re-ordering of Sr 
atoms (red circles) from the bulk phase and their subsequent surface-deposition. (B) Atomic Force Microscopy (AFM) 

analysis of SrTiO3 substrate surface annealed at 1300˚C for 2 hr, 12 hr and 72 hr (left to right) showing the formation of SrO. 
(C) AFM images of LSCF6428 surface on three different substrate materials (NdGaO3 (NGO), SrTiO3 (STO) and GdScO3 (GSO)) 

- each sample was subject to a 10-hour 800˚C heat treatment and found to precipitate secondary phases (to varying 
extents). 
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2.2.3.2 Electrolyte incompatibility 

As was previously discussed, a key requirement for SOFC materials is their compatibility (both 

chemically and thermomechanically) with neighbouring stack materials. With respect to chemical 

interactions, it is well regarded that reaction between LSCF and YSZ leads to the formation of insulating 

phases such as La2Zr2O7 and/or SrZrO3 [125]. It is for this reason, therefore, that a CeO2-type ‘barrier 

layer’ (typically Ce1-xGdxO2 (GDC) interlayer) is commonly employed in the state-of-the-art SOFC cell 

[99]. This barrier layer separates the ZrO2-electrolyte and the LSCF cathode. Ideally this could be 

removed (i.e. by finding a more compatible combination of materials) to reduce the complexity and 

number of steps involved in the cell manufacture. Furthermore, it has been found that cation diffusion 

can occur across the CeO2 layer and SrZrO3 formation can occur even in the presence of the barrier 

layer [106], although the effect is no-doubt reduced due to the barrier layer. Today, the use of an 

interlayer is generally accepted as a satisfactory solution, with excellent performance having been 

found to be achievable via this route. However, it is apparent that finding a material with improved 

stability could have several benefits. Perhaps of greater concern for LaCoO3-type cathodes, however, 

is the coefficient of thermal expansion  (17 to 20 𝑥 10-6 ˚C-1  [126]),  which is significantly larger than 

those of standard electrolyte materials [126]. The common perception is that a sizeable thermal 

differential expansion can compromise the structural integrity of the cells on heating and cooling of 

the stack. Indeed, evidence in the literature indicates that this can lead to delamination of the 

electrode layer and means that temperature ramp rates need to be carefully selected [87]. It is often 

stated within the literature that a move to a more favourable TEC would offer advantages.  

2.2.3.3 Chromium poisoning11 

2.2.3.3.1 Background 

As described previously, the use of stainless steel alloys offers a number of key advantages. However, 

as a side effect of utilising metallic interconnects, conventional cathode materials have been shown 

                                                           
11 This section draws on the author’s published review paper in this area [93]  
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to suffer from a chromium-related poisoning phenomenon that deteriorates the performance of the 

SOFC. Highlighting the importance of studies in this area, Arregui et al. [127] analysed a number of 

operational and manufacturing parameters for a small sub-section of SOFC cathode materials and 

concluded that the most influential factor, with respect to performance degradation, was the 

introduction of a chromium source. The US Department of Energy have also commented on the need 

to mitigate the effects of chromium poisoning, labelling the phenomenon a “major contributor to 

performance degradation and reduced system reliability” [100]. NEDO have highlighted this issue as 

one of the main factors in the degradation of SOFC stacks [53].  

The use of chromium in ferritic stainless steels enables the formation of a protective chromia (Cr2O3) 

surface-layer; this layer provides the alloy’s resistance to the degradative effects of corrosion. Since 

other metals are capable of forming a similar protective layer (e.g. the formation of Al2O3 on alumina-

forming steel alloys), there may remain a question as to why chromium-containing alloys specifically 

are the preferred material. The answer to this is related to the all-important electrical conductivity of 

the oxide species, the adherence of the oxide scale to the bulk material, and the slow growth of the 

oxide scale [128,129]. It is with these considerations that chromium-containing metallic alloys have 

been identified as the most suitable for application under SOFC conditions. The issue of chromium 

poisoning, therefore, persists.  

The chromium poisoning literature is broadly divided into two topics; (a) Cr-species evaporation from 

interconnects and (b) the formation of Cr-phases within the cathode. Under SOFC operating conditions 

there is a tendency for the chromia species to react with oxygen and moisture and migrate towards 

the cathode in gaseous form. The vaporisation of this chromia layer has been studied 

thermodynamically [119,130,131] and experimentally [128,132]. It is generally agreed 

[128,130,131,133] that CrO3 and CrO2(OH)2 are the most common and abundant species that are 

formed. This occurs via the following reactions [131]: 

Cr2O3(s) + 1.5O2(g) → 2CrO3(g) [Eq. 2.1] 
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𝐶𝑟2𝑂3(𝑠) + 1.5𝑂2(𝑔) + 2 𝐻2𝑂(𝑔) → 2𝐶𝑟𝑂2(𝑂𝐻)2(𝑔) [Eq. 2.2] 

It has been shown that the relative quantities of such species vary as a strong function of oxygen 

partial pressure and humidity [119,130,134]. Lower valency Cr-gases are capable of becoming 

dominant at lower oxygen partial pressures [134].  In addition, a thermodynamic study conducted by 

Yin et al.[119] has shown that chromium evaporation rates increase at higher temperatures.  In 

particular, the formation of the CrO3 species increases significantly as the temperature is increased 

from 600 to 1000˚C. 

An appreciable body of research has sought to reduce the rate at which chromium is evaporated from 

steel interconnect materials. Indeed, there are a range of interconnect alloys that have been 

considered within the SOFC literature and there are several reviews [135–137] which summarise the 

developments in this area. The use of alloys that are capable of forming Cr-Mn spinel layers has been 

shown to reduce degradation effects [138–140]. These spinel phases form on top of the Cr2O3 layer 

and reduce the rate at which chromium is vaporised from the interconnect. Researchers have 

successfully engineered spinel phases (e.g, Cu-Mn spinel, Co-Mn spinels etc) as coating materials in 

attempts to deliberately reduce volatilisation rates [141–143]; perovskite coatings [128,142,144] have 

also been shown to offer great promise in achieving this. The use of suitable interconnect materials 

can help to alleviate the issue of chromium poisoning but the studies of such materials have also 

shown that although reduced, the chromium release rate still remains too high to safeguard sufficient 

SOFC lifetime for stationary applications (i.e. ~10 years). It is worth noting that the selection of suitable 

interconnect alloys represents a key step with respect to mitigating the effects of chromium poisoning. 

The additional application of protective coatings will no-doubt also be necessary. 

2.2.3.3.2 Effect on cathode materials 

The impacts of migrating chromium on SOFC cathodes are many and varied dependent on the 

materials in question. Generally speaking, chromium is able to migrate (either via solid-state diffusion 

or in the gaseous-phase) into the electrode structure where it is deposited as a solid phase. The 



40 
 

formation of such phases, like other degradation mechanisms, have the effect of deteriorating the cell 

output over the cell lifetime, as seen in Figure 2.2. It seems apparent from the literature that the 

resulting phase and its location are characteristic of the cathode itself. In the case of LSM, for instance, 

chromium has been reported to exist at the electrode-electrolyte interface, in the form of Cr2O3 

and/or (Cr,Mn)2O4 [132,145–147]. On the other hand, LSCF and LSC cathodes are seen to form a SrCrO4 

layer on the contacting surface between the interconnect and electrode [138,148–150]. As described 

earlier, SrO is capable of segregating out of the bulk perovskite phase and this subsequently acts as a 

‘getter’ for the chromium species  [148]. The behaviours of other SOFC cathode materials in the 

presence of chromium have been explored and are discussed in our recent review on this matter [93]. 

Some observations on different materials are summarised in Table 2.3. 

 

Figure 2.2 – Voltage plot of galvanostatically-operated fuel cell stacks [114]. The stacks contained an LSM-based cathode 
material and stainless-steel interconnects.  

Researchers have studied numerous effects of different variables on the poisoning phenomenon, 

including temperature [132,151] and humidity [138,152–154] as well as considering the role of 

electrode polarisation [146,147,152,155]. The latter two of these variables are known to have a 

harmful impact on cell performance. Humidification of the air-line notably leads to the production of 

greater quantities of Cr-VI gas and therefore a stronger poisoning impact is largely unsurprising  [152–
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154]. However, the accelerated poisoning effect at higher current densities is possibly of greater 

interest and alludes to the mechanism by which cathodes are poisoned.  

The exact generalised causes of chromium poisoning are debated within the literature. Initially, many 

authors pointed to an electrochemical reduction of the Cr-VI gases which migrate into the electrode 

[130,134]. This would appear to be supported by the observation that increased polarisation (i.e. 

higher current densities) leads to increased chromium deposition and hence degradation rates. 

Contrary to this, however, Jiang et al. [147,149,151,156,157] have proposed a chemical reaction route 

whereby so-called ‘nucleation agents’ like Sr2+
, Ba2+ and Mn2+ lead to the formation of the solid Cr-

species. The case for this seems compelling, with a significant amount of evidence offered in the 

aforementioned studies. Importantly, it is further suggested that ‘chromium-tolerant’ cathodes can 

be engineered via an avoidance of these aforementioned nucleation agents [158]. The use of 

lanthanum nickelate materials (a key subject of the second part of this chapter) have been 

demonstrated to offer improved resilience to chromium poisoning (i.e. lower degradation rates) [158–

162], although it is apparent that these materials are not immune from such effects. Nevertheless, a 

number of authors have suggested these materials offer some promise and are worthy of further 

consideration [163–165]. It is notable, however, that such statements are generally given with respect 

to degradation rates and comparisons or comments on the general cell performance are not 

commonly discussed. In Section 2.3 of this literature review a consideration of these materials in more 

detail is offered with emphasis placed on understanding in-situ performance.   
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Table 2.3 - Overview of Cr-phase formation in cathode materials and consideration of degradation rates relative to common cathode materials ; *Tests run for less than 100h  ATest taken at 
750˚C; Y/N– ‘Yes’/’No’ (i.e. Y=evidence of lower deg. rate) ; For comparisons with LSM, A-site stoichiometry is denoted (e.g. 0.9=(La0.8Sr0.2)0.9MnO3). Original version published in [93]. 
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LSM (La0.8Sr0.2)xMnO3 (x=0.9-1)  
 
 

 
 
 

   
 
 

 
Increasing YSZ content shows reduced 

degradation rates [166]. Use of LSM-YSZ 
Functional Layers also seen to reduce the 

degradation rate [155].  

- - - - N[167]1 N [166]*/0.9 

 
LSM-YSZ 

(La0.8Sr0.2)0.9MnO3 /8YSZ (90%-10%) - - Y [166]*/0.9 - - N [166]*/0.9 

(La0.8Sr0.2)0.9MnO3 /8YSZ (70%-30%) - - Y [166]*/0.9 - - N [166]*/0.9 

(La0.8Sr0.2)0.9MnO3 /8YSZ (50%-50%) - - Y [166]*/0.9 - - N [166]*/0.9 

LSM-GDC (La0.8Sr0.2)0.9MnO3 /GDC - - Y [166]*/0.9 - - Y [166]*/0.9 

LSC La0.8Sr0.2CoO3      Formation/Precipitation of Co3O4, Co-Cr spinel 
also reported [168] 

- - Y [169]*/0.95 - - - 

La0.6Sr0.4CoO3      - - - - - - 

LSCF La0.6Sr0.4Co0.2Fe0.8O3      Formation of (La,Sr,Cr)(CoFe)O3 [170] & Co-Cr 
spinel [161]  has also been reported 

- Y [167]1.0 Y [162]*/0.9 - - - 

LSF La0.8Sr0.2FeO3      Precipitation of SrFe12O19 reported [139]. 
Unclear if different Cr-phases related to Sr-

content 

Y [171]0.95 Y [139]A 0.99 - - N [25]A
 - 

La0.6Sr0.4FeO3      - - - - - - 

Pt Pt      No Cr-deposits observed. - - N [149]*/0.9 - - N [149]* 

LNF LaNi0.6Fe0.4O3      (Ni,Fe)(Fe,Cr)2O4 [165]. (Ni,Cr)2O4 , NiO [161] Y [160]1.0 - Y [162]*/0.9 Y [161] - Y [162]* 

LBCF La0.6Ba0.4Co0.2Fe0.8O3       - - Y [162]*/0.9 - - Y [172]* 

 
 

LSCM 

(La0.8Sr0.2)0.95Mn0.8Co0.2O3     
 

 
 

  More Mn leads to more Cr-Mn spinel at 
electrolyte surface, more Co leads to more 

SrCrO4 at surface. Degradation is largest when 
Co=0.4 and smallest when Co=0.8 or 1. [169]* 

- - N [169]*/0.95 - - - 

(La0.8Sr0.2)0.95Mn0.6Co0.4O3      - - N [169]*/0.95 - - - 

(La0.8Sr0.2)0.95Mn0.4Co0.6O3      - - N [169]*/0.95 - - - 

(La0.8Sr0.2)0.95Mn0.2Co0.8O3      - - Y [169]*/0.95 - - - 

 
LSBCF 

La0.6Sr0.3Ba0.1Co0.2Fe0.8O3    
 

 
 

 Chromium deposition is reduced with increasing 
Ba-content. In general, increasing Ba-content 

reduces degradation [173] 

- - - - - N [173]* 

La0.6Sr0.2Ba0.2Co0.2Fe0.8O3    - - - - - Y [173]* 

La0.6Sr0.1Ba0.3Co0.2Fe0.8O3    - - - - - Y [173]* 

LSBCFN La0.24Sr0.16Ba0.6Co0.5Fe0.44Nb0.06 O3      BaCr2O4 is a possible reaction product [174]* - - - - - Y [174]* 

 
BSCF 

Ba0.5Sr0.5Co0.2Fe0.8O3      No SrCrO4 formation reported [175] - - - N [175] N [175] N [174]* 

Ba0.3Sr0.7Co0.8Fe0.2O3    
 

 
 

 Increasing Sr-content leads to increasing SrCrO4 
formation and increased performance loss 

[176]. (Co,Fe)CrO4 reported for BSCF-5582 [177] 

- - - - - - 

Ba0.5Sr0.5Co0.8Fe0.2O3    Y [178]0.98
 - - - - - 

Ba0.7Sr0.3Co0.8Fe0.2O3    - - - - - - 

BCFN BaxCo0.7Fe0.2Nb0.1O3 (x=0.9, 1)      Conflicting conclusions on Cr-stability [179,180] - - - - - Y [174]* 

SmSCF Sm0.5Sr0.5Co0.2Fe0.8O3      Very similar degradation behaviour to LSCF 
[175] 

- - - N [175] N [175] - 

SmSM Sm0.5Sr0.5MnO3       - Y [181]A - - - - 

SmSBCFN Sm0.25Sr0.25Ba0.5Co0.85Fe0.1Nb0.05O3      Cr deposited in cathode (phase unknown) [179] - - - - - Y [179]* 

PrSM Pr0.8Sr0.2MnO3      Cr-poisoning is apparent for PrSM and NdSM. 
Cr-Mn spinel and Cr2O3 probable [178] 

N [178]0.98 - - N [182]* - - 

NdSM Nd0.8Sr0.2MnO3      N [178]0.98 - - - - - 

LNO La2NiO4      NiO precipitation [183] - Y [184]0.95 - - - - 

NNO Nd2NiO4      NdCrO4 , NiO [185] - - - - - - 

NNCuO Nd2Ni0.95Cu0.5O4       - - - - - Y [186]* 

PBCO  PrBaCo2O5      Co3O4, Pr4Co3O10 precipitated [187] - - - - - - 

SBCO SmBaCo2O5      SmCoO3, Co3O4 precipitated [188] - - - - - - 

NBCO NdBaCo2O5      CrNdO3, CoCr2O4 reported [189] - - - - - - 
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2.2.4 Cobalt: economic and ethical concerns 

Aside from the aforementioned SOFC performance-related factors, the employment of electrodes 

containing cobalt offers some economical and ethical concerns [190]. The expansion in deployment 

of Li-ion batteries has led to a major up-scaling in global cobalt production (as shown in Figure 2.3). 

This trend is anticipated to continue, with an acceleration of vehicle electrification. In recent years the 

costs of cobalt have been shown to be extremely volatile with the commodity hitting a peak in March 

2018 ($95,000/tonne) [191,192]. Compared with the prices of other transition metals which have 

been explored for use in perovskites (e.g. Ni, Mn, Fe), this may offer a crucial drawback, particularly 

for those Co-rich systems such as La1-xSrxCoO3. However, we are unaware of any major assessment of 

cathode material cost in this regard and this offers difficulties with regards to assessing the extent of 

any price advantages or disadvantages that may be gained from the removal or reduction of Co from 

SOFC technology.  

 

Figure 2.3 - Global cobalt production between 1970-2018 [190]. 

As shown in Figure 2.4, the great majority of cobalt produced today is derived from the Democratic 

Republic of Congo (DRC) where the resource is heavily concentrated. The human rights record of the 

DRC has been the subject of much discussion, more specifically relating to the troubling issues of child 
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labour and modern slavery [190]. In the field of batteries, this issue has been the matter of some 

scrutiny but is mostly overlooked in the SOFC literature (with commentators preferring to concentrate 

on the materials effects and performance). Relatively speaking, the quantity of cobalt employed within 

SOFC is likely to be a fraction of that used in the Li-ion field. Nevertheless, future supply will be derived 

from the same source and, therefore, the concerns raised here should not be overlooked.  

 

Figure 2.4 - Cobalt production by country  [190]. 

 

2.2.5 Discussion 

In this first part of this literature review, some draw-backs of Sr-doped lanthanum cobaltites have 

been explored; (a) Sr-segregation, (b) electrolyte incompatibility issues, (c) Cr-poisoning and (d) the 

ethical and economic concerns surrounding Co-use. Whilst the data across the various papers are not 

always comparable, some general trends and understanding can be extracted. What is apparent from 

the previous discussion points is that the removal of Sr- (or other alkaline earth elements such as Ba 

or even Ca) and Co- from the cathode materials, would offer some advantages. Indeed, the first part 
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of this literature review would appear to offer a relatively strong argument for replacing state-of-the-

art cathode materials. However, such a statement neglects the many positive aspects of these 

materials. Indeed, it would no doubt represent a relatively ‘radical’ approach to explore the 

replacement of cathode materials given the historical context of materials development in SOFC. The 

wide body of work and understanding on LSCF presents an issue with respect to its replacement (i.e. 

“better the devil you know”). However, to obtain further improvements in terms of degradation rates 

(and to meet with SECA/NEDO degradation targets) the exploration of alternative materials may offer 

the best (or even, only) option.  

2.3 Lanthanum nickelates – an alternative? 

2.3.1 Background  

As previously described, there are a number of drivers for the replacement of LaCoO3-type cathode 

materials. Perhaps most poignantly, there is a sense within the literature that a material with 

improved long-term stability/reduced degradation rates would be desirable and, in turn, would help 

to improve the lifetime (and, therefore, lifetime cost) of the stack. Many authors have suggested that 

the lanthanum nickelates offer such promise. This includes variants of the doped LaNiO3 perovskite 

(e.g. LaNi0.6Fe0.4O3) as well as the Ruddlesden-Popper materials of general formula Lan+1NinO3n+1. 

However, such statements on the promise of low degradation rates commonly overlook the wider 

need to offer materials with competitive overall performance.  

It is notable that, despite considerable research on these materials, there is yet to be any kind of move 

towards nickelate-type materials in the commercial market. These materials have largely remained a 

lab-scale endeavour. It is debatable as to whether or not this is a result of limited evidence to drive 

such a change or whether or not this is simply because these materials do not offer a truly desirable 

alternative. It seems unlikely that materials with excellent long-term stability but offering inferior 

performance when compared with the state-of-the-art (i.e. higher impedance values, lower power 

output) can make an impact on the commercial market. However, in many articles the lanthanum 
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nickelates are described as ‘alternative’ or ‘promising’ materials. But to what extent is this true? Do 

these materials represent a realistic alternative? In this section we will assess some of the various 

considerations that relate to these materials in order to assess the evidence that is available. This is in 

order to offer a ‘warts and all’ analysis of these materials in the context of the state-of-the-art and to 

identify gaps in the literature.    

2.3.2 Considerations on structure and stability 

There are several structurally-related lanthanum nickelate-type phases which have been explored for 

use in SOFC stacks. The linking factor amongst these materials is that they are perceived to offer 

reasonable tolerance to chromium poisoning. Similar to those state-of-the-art materials discussed 

earlier, and in the simplest case, this includes a perovskite variant (LaNiO3). Although the electrical 

conductivity properties of LaNiO3 are rather attractive when compared with (for instance) the un-

doped LaMnO3, it is notable that the material is highly unstable at temperatures above 900˚C in air 

[193–195]. Indeed LaNiO3 is described by Konysheva et al. [196] as the “most unstable among LaBO3 

perovskites (B=Cr, Mn, Fe, Co, Ni)”. Importantly, SOFC fabrication usually requires cathode sintering at 

temperatures in excess of 1000˚C to achieve good adhesion and particle connectivity. The 

precipitation of NiO and La2NiO4 when LaNiO3 is heated in such conditions offers a point of concern 

here (although the extent to which this is likely to deteriorate cell performance is rarely considered in 

the literature, if at all):   

2𝐿𝑎𝑁𝑖𝑂3  → 𝐿𝑎2𝑁𝑖𝑂4 + 𝑁𝑖𝑂 + 
1

2
𝑂2 (T > 980˚C [197]) [Eq 2.3] 

It is for the reasons of stability, therefore, that LaNiO3 itself is not deemed to be an attractive electrode 

material. However, it has been demonstrated that the addition of dopants such as Fe and Co have the 

ability to stabilise the perovskite structure and prevents the precipitation of secondary phases under 

fabrication conditions [198,199]. In particular, LaNi0.6Fe0.4O3 and LaNi0.6Co0.4O3 have become well-

studied compositions. As might be expected, these materials represent something of a hybrid 
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between the LaNiO3 and LaCoO3/LaFeO3 systems and their properties are reflective of this (as will be 

described later).    

The Ruddlesden-Popper phases have a crystal structure closely related to that of the perovskite phase, 

comprised of LaNiO3 perovskite layers separated by NaCl-type La2O2 layers. There has been significant 

interest in the La2NiO4+δ, La3Ni2O7-δ and La4Ni3O10-δ systems (n=1, 2 and 3, respectively), in particular 

the former of these materials [200]. The number of perovskite-to-NaCl layers increases with the 

increasing n-value. LaNiO3 is commonly said to represent the n=∞ instance. Perhaps the most 

interesting physical feature of these materials is their tendency to incorporate oxygen interstitials into 

the NaCl-layers and this leads to strong oxygen transport properties as demonstrated by Boehm et al. 

[201] and by Skinner and Kilner [202]. A key advantage of LNO214 is its excellent phase stability at 

high temperatures (and a wide oxygen pressure window) which offers obvious advantages for 

fabrication and long-term operation (i.e. avoidance of secondary phase precipitation) 

[194,197,203,204]. The importance of good long-term stability (and the avoidance of phase changes) 

can be appreciated in [197]. There, a sizeable drop in conductivity is shown to correlate with stability 

limits (i.e. the formation of secondary phases). For the higher order Ruddlesden-Popper phases, the 

literature shows that stability is reduced, with a tendency to precipitate lower order phases and NiO 

in air at temperature above 1150˚C [197]. Interestingly, however, it has been commented on by Amow 

et al.[205] that the higher order Ruddlesden-Popper phases possess better stability at temperatures 

below 900˚C due to the relative stability of Ni2+/Ni3+. This would appear to indicate that these phases 

could offer a better option for long-term operation in the IT-SOFC temperature regime (i.e. 600-

800˚C).  

2.3.3 Properties 

The fundamental properties of the lanthanum nickelates have been well studied and are reported in 

numerous articles. Typically such articles consider the electrical conductivity, oxygen transport and 

thermal expansion properties. We have summarised some properties for these various phases in 
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Appendix B. There is noteworthy variation in the reported values from study-to-study, possibly a result 

of differences in testing approaches or sample preparation (i.e. pellet sintering temperature). 

Nevertheless, a consideration of some of these properties can offer some insight into the role of 

doping and the relative attributes of these materials in relation to the state-of-the-art. To the best of 

our knowledge, an attempt to analyse the rich data available in the literature has not been considered. 

This is likely a result of the sheer volume of data available as well as the difficulties relating to its 

extraction from the papers in which it is buried. An attempt to develop some insight is therefore 

provided in the following.   

2.3.3.1 Electrical conductivity 

The total electrical conductivity (i.e. the ease with which charge can be transferred through a system) 

is commonly identified as a key consideration in the screening of materials for use in SOFC application. 

This is understandable given the key requirement of promoting charge transfer through the electrode. 

There is a sizeable quantity of data available in this area within the literature (as shown in Appendix 

B). With respect to the aforementioned lanthanum nickelate phases, it is generally observed that an 

increase in conductivity is found with an increasing n-value [197,206–208]. Higher conductivity values 

are typically reported with the perovskite phase (i.e. LaNiO3, and its doped variants), in comparison 

with the Ruddlesden-Popper phases (n=1 to 3). Indeed, this is broadly the relationship observed in 

Figure 2.5. Here, data from a number of studies are shown; it can be appreciated that a wide spread 

of data is observed amongst the studies analysed. This is likely a reflection of the very many variables 

(e.g. pellet quality) which can impact electrical conductivity measurements. Analysis of the 

conductivity of LaNiO3 (n=∞), in particular, is likely to be affected by the instability of the phase under 

typical pellet sintering temperatures (i.e. >1000˚C). Regardless of these shortcomings, the general 

trend of increasing conductivity with higher order phases does seem to be apparent. This behaviour 

is commented on by Amow and Skinner [209] to be a result of the mechanism by which electrons are 

conducted (i.e. mainly through the perovskite layer); therefore, an increase in the number of 

perovskite layers to rock-salt layers leads to the effect of increasing conductivity. 
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Figure 2.5 - Conductivity of various La-Ni-O phases at 600, 700 and 800˚C, as reported in the literature. LaNi0.6Fe0.4O3, 
LaNiO3, La2NiO4, La3Ni2O7 and La4Ni3O10 are denoted by ‘LNF’, ‘∞’, ‘1’, ‘2’, ‘3’, respectively. ‘Range within 1.5IQR’ describes 

the means of identifying outliers. Dotted line is indicative of the electrical conductivity ‘requirement’ (100 Scm-1). Underlying 
data and references can be observed in Appendix B. For reference, and to aid with interpretation, an explainer of box and 

whisker plots is shown in Appendix I.   

It is notable that a commonly cited requirement for cathode materials is to achieve an electrical 

conductivity of at least 100 Scm-1 [210,211]. In itself, such a requirement is perhaps questionable given 

that the current crop of favoured cathode materials have electrical conductivities well in excess of this 

value. Indeed, the lanthanum nickelates (particularly LNO214) are typically shown to have inferior 

conductivity when compared with the state-of-the-art LSCF and LSC (>2000 Scm-1 in some instances - 

see Appendix B). Of course, electrical conductivity is not the only factor to consider in achieving a good 

quality SOFC cathode material but it is no doubt a crucial parameter.  

Dopants can be employed in order to improve the conductivity of perovskite materials. This is 

achieved via the modification of the defect structure by introducing ions with lower valence than the 

host site (i.e. via the introduction of electron or oxide holes). The effect of various dopants (and their 
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concentration) on the LaNiO3-perovskite can be seen in Figure 2.6. The underlying data for this figure 

can be seen in the Appendix B (where multiple values are reported in the literature, a median value 

has been taken). Several key observations are apparent. Firstly, it is clear that the replacement of Ni 

with Co has a strong positive influence on the conductivity (as does the replacement of La3+ with Sr2+). 

It is notable that those state-of-the-art cobaltite materials (LSC, LSCF) have much greater conductivity 

than many doped nickelates,  with only those Co-rich/Ni-poor materials (i.e. Ni=0-0.4) offering 

comparable values of conductivity. However, such materials are likely to present similar problems to 

those reported for other Sr- and Co-containing materials as was discussed in the earlier part of this 

chapter. Indeed, when comparing the thermal expansion properties of the LaNiO3 this becomes 

apparent (as seen in Figure 2.7). It is apparent that the addition of Co as a dopant has the effect of 

increasing the thermal expansion coefficient well beyond that of typical electrolyte materials (i.e. 

typically 10 to 12 x 10-6 ˚C-1).     

2.3.3.2 Oxygen transport properties 

Another key material property, is the oxygen transport behaviour of perovskites and other phases. It 

is widely regarded that so-called ‘mixed conductivity’ (i.e. ability to transport oxide ions and electrons) 

is preferential for cathode materials and contributes towards improved cell performance. This is 

achieved by an extension of the potential reaction zone (i.e. beyond the triple phase boundaries that 

are achieved using composite electrodes). The characterisation of oxide conductivity is more complex 

than other properties such as electrical conductivity and thermal expansion. One approach to assess 

oxygen transport is the use of Ion Exchange Depth Profiling (IEDP) with Secondary Ion Mass 

Spectroscopy (SIMS) and these experiments are reported in the literature for various materials.  

Significantly, La2NiO4 is known to have excellent oxygen transport properties and displays a tracer 

diffusion coefficient larger than even LSCF or LSC compositions (see Figure 2.8a) which are well 

regarded for their mixed conductivity properties [202,212]. The ability of La2NiO4 to transport oxygen 

to such an extent is commonly assigned to the ability of the material to incorporate oxygen interstitials 
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into the rock salt-type layers which are then able to migrate (or, more colloquially, ‘hop’)  through 

these layers [213].  Unfortunately, the relatively low stability of the higher order Ruddlesden-Popper 

phases at very high temperature (and indeed the undoped LaNiO3-perovkite) makes it difficult to 

conduct reliable tracer diffusion experiments (i.e. due to the need to provide a dense pellet, 

temperatures in excess of 1100˚C are required). Nevertheless, evidence in the literature would appear 

to indicate that the higher order Ruddlesden-Popper materials (La3Ni2O7 and La4Ni3O10) possess 

favourable oxygen conductivity although inferior to that of LNO214 [208]. This latter observation 

would appear to support the notion that oxide ions are mostly conducted in the rock-salt layers (i.e. 

more rock salt layers leads to higher oxide conductivity). As described earlier, of course, there would 

appear to be a trade-off between the electrical conductivity and ionic conductivity, with the higher 

order phases showing high overall electrical conductivity but reduced oxide transport properties.  

.   
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Figure 2.6 – Effect of doping on the conductivity of ABO3-type lanthanum nickelates based on literature data. Median values are presented where multiple values have been obtained from the 
literature. Original version published in [95].  Data and references are shown in Appendix B. 
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Figure 2.7 - Conductivity at 700˚C (σ700˚C) vs thermal expansion coefficient (TEC) for various La-Ni-O perovskites. Values for 
LaCoO3-type materials are shown. For reference, TEC values for 8YSZ  [89] and GDC10 [214,215] are shown. Original version 

published in [95].  Remaining data and references are shown in Appendix B. 

The described observations on the relative electronic and oxide ion conductivity values of the 

Ruddleden-Popper phases raises a question as to the relative importance of these properties in 

selecting appropriate electrode materials (i.e. which property is more important?). It is unlikely that 

materials with ‘pure’ electronic or oxide conductivity would offer serious options as electrodes for 

SOFC. It could be theorised that the transport of electrons through the electrode material is the more 

important of the two properties. Evidence for this could be found in observations that pure electronic 

conductors (e.g. noble metals) are likely to make for better electrodes compared with pure oxide 

conductors such as YSZ. Given the excellent catalytic behaviours of these materials, however, this is 

perhaps an unfair comparison. Evidence from the literature suggests that electrode materials must 

typically demonstrate both behaviours in order to replace state-of-the-art materials which offer this 
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attribute and have been shown to display excellent performance. A further discussion on the relative 

impact of these properties is considered later in this thesis.      

 

Figure 2.8 - Comparison of (a) tracer diffusion coefficients and (b) oxygen exchange coefficient for SOFC cathode various 
materials including La2NiO4, LaNi0.6Fe0.4O3 [202,212,216–220]. Originally published in [95].   
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2.3.4 Fabrication challenges 

As described earlier, electrolyte-electrode compatibility can offer a key issue with respect to 

fabrication and the subsequent cell performance achievable with SOFCs. The aforementioned reaction 

between LSCF and YSZ is a known degradation effect with the use of doped-CeO2 barrier layers (e.g. 

GDC, SDC) now common in commercial cells. Reactions between lanthanum nickelates and YSZ are 

also widely reported, with the formation of La2Zr2O7 evident for LNF64 [221], as well as for La2NiO4 

[212]. There is additionally some evidence of reactivity between LNO214 and GDC or SDC at 

temperatures as low as 700˚C  [222–227]. A migration of the lanthanum into the GDC structure and 

subsequent re-structuring of the RP phase to higher order phase has been reported. This is not, 

however, reported to the same extent for the LNF64 perovskite which has been found to be stable 

with GDC up to 1150˚C [107]. It is interesting to note that there also appears to be some level of 

inconsistency in the literature [228–230] with respect to the reactivity between ZrO2- and CeO2-type 

electrolytes and the higher order lanthanum nickelates (i.e. La3Ni2O7 and La4Ni3O10). Some authors 

have suggested that these phases do not form new phases in the presence of electrolyte materials 

and, this would indicate, an advantage over the more commonly utilised LNO214. However, there is 

no systematic study on the reactivity of these materials and this will be addressed later.  

In addition to problems relating to the reactivity of the cathode materials with electrolyte materials, 

there is evidence [231] within the literature to indicate that the lanthanum nickelates suffer from 

inferior sintering characterstics when compared with the typical state-of-the-art materials. This 

indicates that elevated temperatures are required for these phases in order to achieve well-adhered, 

well-connected electrodes. This is particulary interesting given that many researchers employ a 

sintering temperature of 1000˚C when using these phases and report the subsequent electrode 

behaviour. This is in order to avoid reaction with the electrolytes but this is likely at the expense of 

inferior connectivity. The effect of sintering temperature on performance will be further considered 

later in this thesis.   
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2.3.5 Electrode performance 

2.3.5.1 Optimisation  

To further understand the applicability of the lanthanum nickelate phases to the SOFC application, an 

understanding on their in-situ performance is important. There is a strong body of work in this area 

but, crucially, the available data is largely overlooked (i.e. an attempted summary is missing within the 

literature). It is, therefore, difficult to understand how the performances of these materials relate to 

one another and how they compare with the state-of-the-art. An attempt to offer such an overview is 

offered in Section 2.3.5.2 and 2.3.5.3. For now, some general observations from the literature will be 

discussed.    

A number of authors have attempted to explore how electrode performance can be optimised with 

the lanthanum nickelate materials (in the most part La2NiO4 and LaNi0.6Fe0.4O3). This commonly 

includes the use of specifically tailored microstructures (e.g. [232]), the employment of composite 

electrodes (e.g. [233]) or via the use of infiltration techniques (e.g. [234]). Each of these techniques 

offers its own benefits and drawbacks. Infiltration, which can offer significant improvements in terms 

of the increase in electrode performance (in part due to the enhancement in the surface area) is no-

doubt a promising route but issues relating to degradation rates (due to particle growth) are noted by 

Ding et al. [234] to be a point of concern here. Furthermore, it is questionable as to the scalability of 

such techniques for the commercial market, and how such methods would be integrated with well-

developed and understood techniques like cathode screen-printing already common-place today.  

The use of composite electrodes (i.e. the combination of two or more oxides) is another common 

route for promoting performance. In this case, the objective is to combine the favourable properties 

of one material (e.g. good electronic conduction properties) with the favourable properties of a 

second phase (e.g. good ionic conduction properties). Most typically this involves the mixing of two or 

more oxide materials to form a layer of interconnected phases. Often the benefits of this approach 

are discussed in terms of increasing the size of the potential sites for reaction. Indeed, this was a 



57 
 

common route with the early LSM-YSZ electrodes which have been previously mentioned. In that case, 

the use of a good ionic conductor (YSZ) helps to extend the oxygen transport in the solid phase and 

extends the amount of reaction sites that are available. Similar approaches have been explored in the 

literature with the lanthanum nickelates, often combining these phases with GDC [230,235]  or other 

electrolyte phases [236,237]. The general effect of combining phases is no-doubt favourable. There is, 

however, no agreed preferred combination of materials (or, moreover, properties) that are likely to 

offer the optimum outcome. It is notable that a number of authors have attempted to combine the 

Ruddlesden-Popper phases (in particular La2NiO4) with electrolyte phases to enhance performance.  

However, as described earlier, these phases suffer from relatively poor electronic conductivity whilst 

displaying reasonably high ionic conductivity (indeed this is seen as a key favourable property). This 

would suggest that such materials could be more favourably mixed with phases that have much higher 

electronic conductivity. One interesting route which has been explored by several authors is to 

combine the various lanthanum nickelates phases with one another in an attempt to take advantage 

of the different properties which are displayed by these materials [238–241].  

The use of layered electrode structures is discussed in the literature, either by employing layers of the 

same material but different microstructures [242,243] or by using layers of different phases [244].  

The use of dense, intermediate LNF64 interlayers in between an electrolyte phase and a thicker LNF64 

layer is explored by Chrzan et al. [245] and by Molin and Jasinski [243]. In both of these works a 

sizeable performance improvement is observed. In the latter case, the maximum power density is 

increased from 0.4 W/cm2 to 1 W/cm2 as a result of introducing the interlayer. This is possibly a result 

of better adhesion, connectivity and hence charge transfer. Similar observations are also reported for 

dense La2NiO4 interlayers [246,247]. Elsewhere, Chiba et al.[248] employed the use of different doped 

CeO2 ‘active layers’ with an LNF64 current collecting layer; again a performance enhancement was 

noted.  Huang et al.[249] demonstrated that the use of ‘graded’ structures (i.e. gradually changing the 

composition of the electrode in layers) helped to improve adhesion  and hence cell performance.   In 

work by Wooley and Skinner [250]  a similar approach was taken, employing LNO214 at the electrolyte 
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interface and LNO4310  as a current collecting layer, with an intermediate layer (mixture of LNO4310 

and LNO214) in between. 

2.3.5.2 Symmetrical cell performance: data analysis 

As previously described it is rather easy to draw various qualitative relationships from numerous 

papers within the literature. It is somewhat more difficult, however, to get an appreciation of how this 

‘fits in’ with the overall picture or, more specifically, how the behaviours of the lanthanum nickelates 

compare with the LSCF. As was shown to also be true for the case of fundamental properties (e.g. 

electrical conductivity) in Section 2.3.3, there are a great number of examples within the literature 

that detail the in-situ electrode performance of lanthanum nickelates. There are a wide range of 

behaviours that are described. To date we are unware of any attempt to analyse the rich body of 

electrode performance data that is available within the literature. As such, it is difficult to understand 

how the performance of certain materials (i.e. the lanthanum nickelates) relates to the state-of-the-

art materials. However, such an analysis is made somewhat difficult by the manner in which the data 

is presented within articles (i.e. often ‘buried away’ in graphical form). For the analysis detailed herein, 

we have assessed selected articles in order to offer some insight into the success of these materials 

and the extent to which optimisation has been performed. Several different routes have been utilised 

within the literature in order to define electrode performance. This includes the employment of 

‘symmetrical’, ‘single cell’ or ‘three-electrode’ testing.  

In relation to symmetrical cell studies, there is some inconsistency in the literature with respect to the 

definition of the key metric defining performance. Generally, this is defined to be the polarisation 

resistance (Rpol) which is represented by many [226,241,251–253] as: 

𝑅𝑝𝑜𝑙 = (𝑍𝐷𝐶 − 𝑅𝑜).
1

2
 [Eq. 2.4] 

Where ZDC and Ro are the area-specific impedance values (normalised by the electrode area, S) at the 

high and low frequency intercepts (as shown in the Figure 2.9). The equation includes a multiplication 

of ½ to account for the two electrodes involved in a symmetrical cell. Given that Rpol is in fact an area-
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specific term (with units of Ωcm2), some authors prefer the term Area Specific Resistance (ASR) to 

directly replace the definition of Rpol [254–256] . To offer a source of further difficulty, this ASR term is 

elsewhere used to define the total impedance value of the cell and thus includes the ohmic 

contribution Ro (i.e. that defined as ZDC in Figure 2.9). However, to follow the most common 

convention, Rpol will be used herein. As described, the variety in definitions across the literature are 

not always consistent and this makes analysis across studies more challenging.       

 

Figure 2.9 - Nyquist diagram of an idealised RC circuit illustrating the relative position of the ohmic (Ro) and total (ZDC) 
impedance values described in this chapter. The polarisation resistance (Rpol) is defined as the width of the arc. In the case 

of symmetrical cells this is divided by two in order to accounting for the two identical electrodes in the symmetrical cell.  
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Figure 2.10 – Comparison of reported Rpol values across various studies for single phase electrodes. Chart shows the 
reported performance for La2NiO4 (n=1 ; red), La3Ni2O7 (n=2 ; blue), La4Ni3O10 (n=3; yellow), LaNi0.6Fe0.4O3 (LNF; green). 

Additionally values reported for “state-of-the-art cathodes” are also shown. Underlying data can be found in Appendix C. 
For reference, and to aid with interpretation, an explainer of box and whisker plots is shown in Appendix I. 

As there are numerous different approaches to the fabrication of high-performing electrodes, a very 

wide body of Rpol values are reported within the literature. Indeed, a range of values are often reported 

for any one material. This is no doubt a reflection on the quality of the starting materials themselves 

(e.g. particle size and purity), different cell fabrication conditions (e.g. sintering temperatures), 

electrode microstructures (e.g. use of ‘Functional Layers’) and different testing set-ups (e.g. the 

contact configuration). In Figure 2.10, the Rpol values reported in a number of studies are summarised. 

In this case, this analysis includes the available data for single-phase electrodes only. For reference, 

the performance of state-of-the-art cathodes LSC and LSCF (as reported by Hjalmarsson and 

Mogensen [257] and Lou et al. [258], respectively) are also shown. Several conclusions can be drawn. 

As mentioned above, there are dramatic variations in reported electrode performance (in some cases, 

several orders of magnitude). Further, despite the promising properties of the lanthanum nickelates, 
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the data would appear to indicate that their performance is inferior to those cobaltite cathodes (e.g. 

LSCF and LSC) which are widely regarded as the state-of-the-art. Based on the dataset shown, it is 

difficult to discern which of the lanthanum nickelate materials offers the greatest promise. 

Considerations of the median and range values may indicate that La2NiO4 demonstrates the most 

attractive performance. However, it is worth noting that there are many more studies considering this 

phase and, therefore, a more mature optimisation has no doubt been achieved. There are several 

articles considering the relative performance of the Ruddlesden-Popper materials but the results of 

these studies are not entirely consistent with one another [205,207,225,233,240]. Further 

comparisons between these phases and LaNi0.6Fe0.4O3 (or other perovskite variants) are even less 

frequent.      

In Figure 2.11 and Figure 2.12, the effect of different approaches to developing electrode structures 

is considered for La2NiO4 and LaNi0.6Fe0.4O3, respectively). In both cases, the introduction of secondary 

phases and infiltrated species is shown to have a marked effect on the performance. This 

demonstrates the potential of using such routes but this does not consider what the effect on long-

term degradation rates is likely to be.    
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Figure 2.11 - Symmetrical Cell performance for different electrode configurations employing La2NiO4. Single phase (“S-P”; 
Red), composite (Cmp) and infiltrated (Infil.) cathodes are shown. Underlying data can be found in Appendix C. For 

reference, and to aid with interpretation, an explainer of box and whisker plots is shown in Appendix I. 

 

Figure 2.12 - Symmetrical Cell performance for different electrode configurations employing LaNi0.6Fe0.4O3. Single phase (“S-
P”; Red), composite (Cmp) and infiltrated (Infil.) cathodes are shown. Original version published in [95]. Underlying data can 

be found in Appendix C. For reference, and to aid with interpretation, an explainer of box and whisker plots is shown in 
Appendix I. 
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2.3.5.3 Single cell testing: data analysis 

In addition to the aforementioned symmetrical cell testing, there is a further body of data available 

across the literature that describes the polarisation performance of single cells containing La-Ni-O 

cathodes. A key issue with such studies is that they are clearly influenced by factors other than the 

cathode itself (e.g. electrolyte thickness, anode materials etc). Nevertheless, it is of interest to 

consider this detail to obtain an understanding of the achievements to date and how they compare 

with the ‘state-of-the-art’ materials. In Figure 2.13, such a comparison is offered. Comparisons 

between studies on lanthanum nickelates and the ‘state-of-the-art’ performance reported by 

researchers at Jülich is shown (for LSM, LSM-YSZ, LSCF and LSC cathode materials). The current density 

at a voltage of 0.7 V is selected as the parameter for comparison. It is notable that many authors 

commonly report the maximum power density although it is noted by others [259] that such a 

condition is of little practical significance and that measurements at some voltage away from the point 

are preferred.  As was shown in the case of the symmetrical cell tests, there is again a very wide spread 

of data. It is observable that, again, the composite and infiltrated electrodes are capable of offering 

superior performance compared with single phase electrodes. However, the materials of interest are 

yet to demonstrate the ability to offer similar performance to that which has been shown to be 

achievable with the optimised LSC and LSCF-containing single cells. It is, however, important to point 

out that this data is taken from numerous studies. Direct comparisons (such as in Figure 2.13) do not 

properly accommodate for differences in cell fabrication and testing conditions.  It is arguable that 

reduced degradation rates could mean that the ‘initial performance’ of a given electrode material 

does not need to match that of the current state-of-the-art. There must, however, be proof that a life-

time benefit is achievable or that a cost benefit can be attained. 
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Figure 2.13 – Current density at 0.7 V as reported in various articles; (a) Performance of single phase La-Ni-O electrodes, (b) performance of single phase, composite and infiltrated La2NiO4 
electrodes, (c) performance of single phase, composite and infiltrated LaNi0.6Fe0.4O3 electrodes (original version published in [95]) and (d) performance of composite and infiltrated electrode. 

Underlying data can be found in Appendix D. Lines on the plot show results reported at Jülich and are taken from reference [45] (Note: a key difference between “LSCF (2009)” and  “LSC 
(2009)” is the use of a thin-film electrolyte  (1-2 μm) whereas “LSM”, “LSM-YSZ” and “LSCF (2006)” employ a thicker 7-10 μm electrolyte).
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2.3.6 Degradation rates 

As described earlier in this chapter, degradation rates are of key interest in the development of SOFC 

technology. It has already been noted that typical stack degradation rates are often above the 

targeted 0.1%/1000 h objective although there is a large range of degradation rates reported within 

the literature and some stacks have come close to this target. There has historically been a perception 

that lanthanum nickelates can contribute towards a reduction in degradation rates (relative to LSCF). 

This perception no doubt stems from a number of studies associating these phases with a resilience 

to chromium poisoning [158–162]. It is apparent from the literature, however, that the perception of 

lanthanum nickelates as ‘chromium resistant’ must be tempered at least a little. A number of studies 

[164,260,261] have shown that sizeable degradation rates can result under certain conditions (e.g. 

higher current density as seen in [260]). The evidence available, however, would appear to suggest 

that these materials can offer an improvement (although it is rather difficult to quantify how great 

this improvement would be). Work by Zhen et al [257] indicates that a sizeable loss in performance 

can be expected for LSCF and LSM-type cathodes in a relatively short time which may be avoided with 

composite LNC64-GDC electrodes. However, any such improvement that can be reaped in this respect 

is also somewhat lessened by the advances in chromium-blocking layers which are now applied to the 

state-of-the-art SOFC interconnects. Although such barrier layers are prone to their own degradation 

mechanisms and are not 100% effective over the lifetime of the stack, the need to offer a chromium 

tolerant cathode is reduced.    

Unfortunately, the number of long-term (i.e. >1000 h) degradation studies that consider the relative 

degradation rates of the lanthanum nickelates with the state-of-the-art is limited. An overview of 

degradation studies for electrodes based on various La-Ni-O cathodes can be seen in Table 2.4. The 

majority of these studies are focussed on LNF64 and LNO214-based electrodes. Given the varied 

testing approaches and parameters (e.g. temperature, polarisation conditions, electrode set-ups) 

comparing degradation rates from study to study is likely to be fraught with misjudgement. 

Nevertheless, such degradation studies can offer some insight. Those works where comparisons are 
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made against the state-of-the-art materials are no doubt of most value. Unfortunately, there remain 

only a relatively small number of such studies and these typically consider relatively short operating 

times (i.e. <100h). This is certainly an area for future work although not considered further in this 

thesis. Considering the articles offering direct comparison, it would appear that La-Ni-O type materials 

can offer some reduction in degradation rates [162,253,262]. However, such a conclusion is hardly 

straightforward with some authors reporting very large degradation rates even in the absence of 

chromium [261,263].    

It seems evident that the major perceived benefit that the La-Ni-O phases are assumed to offer is a 

reduced degradation rate. However, the data available to support this is far from complete. In some 

instances research has been shown to support this hypothesis and, in others, the benefit is less 

evident. The extent to which degradation rates can be reduced is very difficult to offer insight into 

without direct comparison between the various materials in question. Clearly, the conditions of 

operation are likely to have an impact on which material offers the greatest long-term performance.  
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Table 2.4 - Consideration on degradation studies, ordered by operating time. (WE, RE and CE denote “Working Electrode”, “Reference Electrode” and “Counter Electrode”, respectively). 

Cell Type Operating 

Time 

Polarisation 

Condition 

Operating 

Temperature 

Cr-source? Degradation 

Metric 

Degradation Rate / 

Observation 

Direct 

Comparison 

with state-of-

the-art? 

Ref 

LNF64 | SASZ | 

Ni-SASZ 

6000 h 0.4 A/cm2 800˚C Yes  Voltage 0.4%/1000 h 

*Includes 1 thermal cycle 

No [264] 

LNF64 | LNF64-

SDC | SASZ | Ni-

SASZ 

5200 h 0.4 A/cm2 800˚C Yes Voltage 0-2300 h; 0%/1000 h 

0-5670 h; 1.4%/1000 h* 

*Includes 2 thermal cycles 

No [265]. 

LNF64 | Not 

specified. 

3000 h 0.16 A/cm2 

0.24 A/cm2 

800˚C Yes  Voltage 0.3%/1000 h No [98] 

LNF64 | LNF-

GDC | SASZ | 

Ni-SASZ 

 

1200 h 

 

1.0 A/cm2 

 

800˚C Yes  Voltage  63 mV/1200 h No 

 

[260] 

1.5 A/cm2 138 mV/1200 h 

LNF64(WE), 

Pt(RE) | GDC | 

YSZ | Pt (CE) 

 

1050 h 0.4 A/cm2 800˚C Yes Change in 

overpotential 

ηInitial = 100 mV 

ηafter = 430 mV 

 

No [164] 

1042 h 0.05 A/cm2 750˚C Yes ΔRohmic 

ΔRpol 

ΔRohmic = 0.48 Ωcm2 (100%) 

ΔRpol. = 2.99 Ωcm2 (2300%) 

No 

 

[261] 
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GDC-infil.-into-

LNF64 | ScSZ 

(Symmetrical) 

No ΔRohmic 

ΔRpol 

ΔRohmic = 0.18 Ωcm2 (38%) 

ΔRpol. = 0.25 Ωcm2 (192%) 

LNF64 | LNF64-

GDC | SASZ |  

Ni-SASZ 

950 h 2.3 A/cm2 800˚C 

 

Yes 

 

Voltage 

 

-0.2 V/950 h No 

 

[260] 

 750 h 0.3 A/cm2 Negligible 

LNO214 | GDC | 

YSZ | GDC | 

LNO214 

750 h 0 A/cm2 700˚C 

 

No ΔRpol ΔRpol = 0.05 Ωcm2 (27%) No 

 

[263] 

1800 h 0.3 A/cm2 700˚C 

 

ΔRpol ΔRpol = ~1.92 Ωcm2 (1110%) 

LNF64 | SASZ | 

Ni-SASZ [1Kw 

stack test] 

~700 h 0.28 A/cm2 800˚C 

 

Yes Change in 

electrical 

efficiency 

~0.1 %/700 h No [266] 

LNO214-Infil.-

LSCF | GDC | 

YSZ | Ni-YSZ 

500 h 0.25 A/cm2 750˚C  ΔV 0.36 %/500 h Yes 

(LSCF; 

0.39%/500 h) 

[253] 

LNF64(WE) | 

Pt(RE) |  GDC | 

YSZ | Pt (CE) 

 

 

500h 0.4  A/cm2 800˚C 

 

No Change in 

overpotential 

ηInitial = 63 mV 

ηafter = 90 mV 

 

 

 

 

No [164] 
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LNF64 | ScSZ | 

LNF64 

(Symmetrical) 

370 h 0.05 A/cm2 750˚C 

 

Yes ΔRohmic 

ΔRpol 

ΔRohmic = 1.85 Ωcm2 (342%) 

ΔRpol. = 42.16 Ωcm2 (6000%) 

No [261] 

No ΔRohmic 

ΔRpol 

ΔRohmic = 0.2 Ωcm2 (37%) 

ΔRpol. = 1.61 Ωcm2 (230%) 

 

Nano-LNF64-

GDC | ScCeSZ | 

Ni-ScCeSZ 

300 h 0.64 A/cm2 750˚C 

 

Yes ΔV “Stable electrochemical 

performance” 

Yes (LSCF-GDC ; 

ΔV=-6%/100 h) 

[262] 

 

LNF64-GDC | 

ScCeSZ | Ni-

ScCeSZ 

100 h 0.64 A/cm2 750˚C 

 

Yes 

LNO214-SDC | 

SDC | LNO214-

SDC 

210 h 0.15 A/cm2 650˚C No ΔV “Kept stable” No [267] 

LNO214 | LSGM 

| SDC | NI-SDC 

144 h 0.448 A/cm2 800˚C No ΔV “stable across the period” 

“The values of voltage, power 

density and total resistance 

had hardly changed” 

No [268] 

LNF64 (WE), Pt 

(RE) | Pr6O11 | 

GDC | SASZ | Pt 

(CE) 

140 h 0.25 A/cm2 800˚C 

 

- Cathode 

potential vs 

reference 

“Cathode potential retained 

its value” 

No [269] 
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LNO214 nano-

rods-Infil.-into-

YSZ | YSZ | Ni-

YSZ 

130 h 0.7 A/cm2 700˚C No ΔV “A stable performance was 

maintained” 

No [256] 

LNO214-SDC | 

SDC | Ni-SDC 

40 h 0.558 A/cm2 850˚C No ΔV “Did not observe a decrease 

in the cell performance” 

No [270] 

Ni-YSZ | YSZ | 

LNO327 

30 h 0.6 A/cm2 750˚C No Δp “Showed stable 

performance” 

No [228] 

LNF64 (WE), Pt 

(RE) | YSZ  | Pt 

(CE) 

20 h 0.2 A/cm2 900˚C 

 

Yes Change in 

overpotential 

“Very stable” Yes: 

LSM (Δη=482%) 

LSCF 

(Δη=1500%) 

[162] 



71 
 

2.4 Conclusion 

In this chapter we have assessed the drivers for the replacement of the state-of-the-art SOFC cathodes 

and considered the possibility of La-Ni-O type electrode materials. There is a sizeable body of work in 

this area already. Many review articles have concluded that these materials are ‘promising’ materials 

for the next generation of SOFCs. However, such statements largely ignore the rich data which is 

available in the literature. The assessment provided here suggests that the lanthanum nickelates offer 

inferior performance when compared with LSC or LSCF. A clear caveat with the analysis provided in 

this literature review is that it provides comparisons across many studies in which different testing 

protocols were employed. A ‘clean’ comparison (i.e. material synthesis conditions, same electrode 

deposition technique and the same test bench) of each of these materials may offer a more rounded 

and comprehensive view. An attempt to offer such an analysis is a key component of the work in this 

thesis. This will cover analysis of both symmetrical cell testing (Chapter 4) and single cell testing 

(Chapter 5) approaches that have been shown to be common in the literature. This will cover several 

popular lanthanum nickelate materials (LNF64, LNO214, LNO327, LNO4310) in addition to the state-

of-the-art material LSCF6428. Further, a consideration of different parameters (e.g. sintering 

temperature) will be considered to offer a more in-depth view on the effect of these contributions.     

It is interesting to note that the perovskite and Ruddlesden-Popper variants of the lanthanum 

nickelates are often discussed in isolation of one another. This is despite the fact that a number of 

authors have noted that the LaNiO3-phase can be considered to be the ‘end member’ (n=∞) of the 

Ruddlesden-Popper series. Although LaNiO3 offers poor stability, it has already been discussed how 

this can be improved via suitable doping strategies. As such, a series of phases with a range of 

properties are observed. Not only could a combination of these materials offer a good solution to 

promoting cell performance (with comparable TEC values and apparent resistance to chromium 

poisoning), but these materials also offer an interesting case study on the relative role of these 

materials in achieving favourable performance. For instance, do those materials with better electronic 

conductivity or ionic conductivity make for a better electrode material? To consider this in more detail 
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and draw direct comparison with the ‘single-phase’ electrodes also studied, a further study of the 

effects of different ‘secondary phases’ is offered in Chapter 6 of this thesis.  

Another notable observation from the literature review provided in this chapter is the apparent 

prevalence of symmetrical cell testing across many of the articles studied. We are unaware of any 

major works exploring the role of symmetrical cell testing in SOFC testing (even though it is often 

recommended in EIS articles) and, importantly, little consideration of how effective this approach is 

in identifying ‘high-performing’ cathode materials. Considering these factors, an exploration of how 

well this technique corresponds to more conventional ‘single cell testing’ is also identified to be a 

matter of further interest. This will be explored in the coming chapters.   
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3 Materials and methods 
3.1 Overview of chapter 

In order to offer further insight into the employment of lanthanum nickelates as SOFC cathode 

materials, a variety of techniques and methods are drawn on in the coming chapters of this work. An 

overview of these methods is provided here. Firstly, and on the most fundamental level, this includes 

an introduction to the synthesis and physical characterisation of the materials under consideration. In 

order to conduct suitable in-situ testing, several methods to produce and test SOFC electrodes are 

discussed. Attempts have been made to maintain consistency across each of the detailed tests (e.g. 

particle morphology and size, electrode area and thickness, cell testing parameters). This is with a 

view to promoting representative and repeatable results (e.g. minimising the potentially significant 

effects of variables such as particle size). In addition to this, testing is conducted with reference to the 

commercial, state-of-the-art alternatives. This is with a view to offering a relative understanding of 

the performance of the lanthanum nickelates. This provides value given that many literature sources 

overlook such direct comparisons in their analysis of cathode materials.    

3.2 Synthesis methods 

Although the advancement of SOFC technology has led to the commercial availability of many cell 

materials, the majority of those studied in this work are yet to be brought to the marketplace. As a 

result of this, the work detailed in this thesis begins with a discussion of the synthesis of the lanthanum 

nickelate phases (i.e. La2NiO4, La3Ni2O7, La4Ni3O10, LaNi0.6Fe0.4O3), for which two approaches were 

considered. The characterisation techniques employed to analyse the resulting materials are detailed 

later in this chapter.   

3.2.1 Solid-state  

Solid-state synthesis is no doubt the simplest approach for preparing mixed metal oxide phases. In 

essence, this approach involves the direct reaction between calculated quantities of metal salt 
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reagents (e.g. metal oxides) to produce a specific, targeted phase. Taking the example of La2NiO4, for 

instance, the following reaction is anticipated: 

𝐿𝑎2𝑂3(𝑠) + 𝑁𝑖𝑂(𝑠)  →  𝐿𝑎2𝑁𝑖𝑂4(𝑠)     [Eq. 3.1] 

Naturally, the extent to which high quality single-phase materials can be synthesised is a function of 

thermodynamics (i.e. temperature and oxygen pressure) as well as diffusion-related limitations (i.e. 

particle size). Many side reactions may occur during this process and this can place a difficulty on 

achieving pure phases.   

In an attempt to prepare lanthanum nickelate phases via the solid-state-route, La2O3 (Aldrich, 99.99% 

purity), NiO (Aldrich, 99.99% purity) and Fe2O3 (Aldrich, 97% purity) were employed as starting 

materials. Given its hygroscopic nature, La2O3 was first heated to release any residual H2O content. 

The oxide powders were then measured out in stoichiometric quantities and ground together using 

an agate pestle and mortar. The resulting mixtures were then transferred to an alumina crucible and 

heated to high temperature (≥1000˚C) in a Carbolite furnace. Several re-grinding and annealing steps 

were employed to improve the quality of the sample and to ensure the completion of the solid-state 

reaction.  

3.2.2 Pechini synthesis 

The Pechini process [271] is a type of ‘sol-gel’ synthesis route which enables the lowering of calcination 

temperatures and can help to significantly shorten preparation times. This is realised by overcoming 

the diffusion-related limitations which are associated with the solid state route [272–274]. 

Importantly, by initially placing the starting materials into solution, it is possible to ensure an “atomic 

level mixing” of the cations. In the Pechini process, metal nitrates are dissolved in deionised water 

with ethylene glycol and citric acid. This approach forms a precursor solution that contains metal-

citrate chelate complexes [272]. The interaction between the ethylene glycol and citric acid forms a 

polymer network with a homogenous distribution of the metal cations. This precursor is then 

combusted in an initial heat treatment step in order to remove the organic matrix, leaving a well-
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dispersed mixture of reactant oxides. A second heat treatment step at higher temperature is then 

employed to obtain a high quality single-phase material. 

 

 

Figure 3.1 – Schematic illustrations of the Pechini process as shown (a) in [272] and (b) in [274]. 

For the preparation of the La-nickelate Ruddlesden-Popper compounds, nickel (II) nitrate hexahydrate 

(Ni(NO3)2.6H2O) and lanthanum (III) nitrate hexahydrate (La(NO3)3.6H2O) were employed as the 

starting materials. Iron (III) nitrate nonahydrate (Fe(NO)3.9H2O) was additionally used for the 

preparation of LaNi0.6Fe0.4O3. After dispensing the correct stoichiometric quantities of these reagents, 

the metal nitrate powders were dissolved in deionized water to form a homogenous solution. Ethylene 

glycol (VWR) and citric acid (Sigma Aldrich, 99%) were then added to the resulting solution. These 

materials were then stirred on a hot plate at 80˚C for approximately 1 to 2 hours to obtain a polymeric 

gel. The gel was then heated in an oven to 350˚C and held at temperature for 8 hours (for the work 

discussed here, a ramp rate of 5˚C/min was employed). During this heat-treatment process, the gel 

was observed to expand, combust and form an ash-type honeycomb structure. This was then ground 

(a) 

(b) 
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in an agate pestle and mortar to obtain a fine dispersion of metal oxide powders. To obtain the final 

phase, the material was then placed in an alumina crucible and heated at a higher temperature (i.e. ≥ 

1000˚C) in a Carbolite furnace (again a ramp rate and cooling rate of 5˚C/min was utilised). In some 

instances, particularly for larger samples, several calcination steps were conducted, with intermediate 

grinding steps between each heat-treatment. The phase quality was confirmed via the use of X-Ray 

Diffraction (XRD) techniques as described later in this chapter.    

3.3 Electrode preparation 

3.3.1 Ball milling and sieving 

In order to achieve sufficient material for ink preparation and deposition, samples were prepared and 

combined from small batches (5 to 7g), to achieve a larger (~40g) sample of each material. In order to 

reduce particle size and break up any remaining agglomerates, these larger samples were ball-milled 

for 72 hours utilising a roller mill. Any remaining agglomerates were then removed using a 25 μm sieve 

in combination with a sieve shaker (Fritsch analysette Pro). The control of particle size by this approach 

was deemed to improve the repeatability of the analysis.  

3.3.2 Ink formulation 

For the production of cathode inks, a commercial α-Terpineol-based ink vehicle (Fuel Cell materials) 

was mixed with the ceramic powders. The powders were first combined with the ink vehicle in a 

defined mass ratio (66 wt% powder to match similar commercial cathode inks) to achieve a given ‘solid 

loading’. The mixture was then loosely mixed prior to a homogenisation of the resulting slurry via the 

use of a triple-roll mill. This is an approach conducted by many researchers in the SOFC field and is 

discussed in some detail by Somalu et al. [275].  

3.3.3 Deposition and sintering 

The simplest approach to depositing SOFC electrode layers is to hand-paint inks on to the ceramic 

substrate (i.e. electrolyte layer) in question. Although this approach offers relatively poor control over 

electrode thickness and microstructure compared with other techniques, it is commonly employed 
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within many of the articles reviewed in Chapter 2. For the sake of simplicity, and to minimise the 

wastage12 of synthesised materials and inks, this is the approach employed in this thesis. As will be 

described in more detail in Section 3.4, two types of SOFC test are conducted in this work; (1) ‘single-

cell’ testing and (2) ‘symmetrical cell’ testing. For single-cell testing (the configuration shown in Figure 

3.2a), the electrode inks were deposited on commercial half-cells (SOFCMan) of the following type: 

Ni-YSZ (400 μm) | YSZ (10-15 μm) | GDC (2-3 μm)   

For symmetrical cell tests (Figure 3.2b), the electrodes were deposited on both sides of commercial 

electrolyte sheets (SOFCMan) of the following type: 

GDC (5 μm) | YSZ (200 μm) | GDC (5 μm) | 

In each instance, the edges of the substrates were covered with a 5mm masking tape to leave a 40 

mm x 40 mm exposed area. The ink was then brush coated on this area. These ‘coupons’ were weighed 

both before and after the application of the ink in order to deposit a similar quantity of material in all 

instances (0.1g). After painting, the electrodes were subsequently dried in an oven at 100˚C. Finally, 

the electrodes were sintered in a Carbolite furnace (≥1000 ˚C) employing the temperature ramp 

profile shown in Figure 3.3. An example of a resulting electrode is shown in Figure 3.4  

 

Figure 3.2 – Schematic illustrating the (a) single cell and (b) symmetrical cell configurations. For the work in this thesis, 
cathode materials (black) were deposited on commercial substrates (‘Ni-YSZ | YSZ | GDC’ and ‘GDC | YSZ | GDC’). 

Schematic not to scale.  

                                                           
12 More complex routes such as spin-coating can lead to a wastage of materials which can be lost during the 
deposition process  
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Figure 3.3 – Typical temperature ramp profile for electrode sintering in this study. 

 

Figure 3.4 – Example of an electrode deposited via the described process. 

 

3.4 Electrode testing  

In order to assess the performance of the electrode materials in question, it is necessary to assess 

their behaviour via in-situ testing methodologies. Following the application and sintering of electrodes 

as described in Section 3.3, the electrochemical performance of the cells (both symmetrical and single 
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cell) were tested under SOFC conditions. Where possible, the development of testing procedures has 

drawn on the available literature in this area to ensure reliable data is obtained [259,276]. In addition, 

and in the case of the full cell testing approach, a discussion of suitable testing parameters (e.g. gas 

flow rates, humidification and contact configurations) will be offered in Chapters 4 and 5. A key 

difficulty in the testing of fuel cells is the de-convolution of the contribution of individual components 

(e.g. electrodes) within the cell. This essentially results from the fact that it is impossible to measure 

the voltage of a single electrode; such measurements must always be conducted with reference to a 

second electrode. In the context of this thesis, several testing approaches are employed to help assess 

the performance of each electrode material. This included different cell configurations as well as 

conducting tests under different conditions and combining with state-of-the-art analysis techniques.  

For the work described in this thesis, testing of the electrode performance was divided into two 

different cell configurations; (1) symmetrical cell testing and (2) single cell testing. These two 

approaches are both widely used within the literature and are employed to offer complimentary 

information on the quality of electrode materials. An alternative (and theoretically superior) approach 

to understanding the performance of a specific electrode would be to employ a three-electrode set-

up. Such a configuration utilises a working, counter and reference electrode (WE, CE and RE, 

respectively). In such a case, the voltage/performance of the electrode of interest can be understood 

via measurement with respect to a third electrode. However, such an approach is often reported to 

be difficult in practise given stringent geometrical requirements for the placement of reference 

electrodes [259,276–280]. To achieve true 3-electrode systems, complex electrolyte structures are 

required which are not considered further in this thesis but can be seen in reference [281]. 

3.4.1 Symmetrical cell testing 

3.4.1.1 Background  

As was described in Chapter 2, symmetrical cell testing is a variant of SOFC testing of particular interest 

for those researchers studying a specific electrode (or, moreover, electrode material). As indicated in 
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Section 3.3.3 and shown in Figure 3.2, a symmetrical cell involves the deposition of an identical 

electrode on both sides of an electrolyte substrate. Each electrode is then exposed to an identical 

environment (air can be employed in the case of a cathode material). Electrochemical Impedance 

Spectroscopy (EIS) measurements are then performed on these samples. EIS is a method of analysing 

cell performance widely employed in the study of SOFCs. Impedance analyses within the literature 

vary from very basic performance data (i.e. reporting of Rpol values) to very detailed analyses of 

fundamental processes. For a detailed background understanding of the EIS technique, the reader is 

referred to [282]. Briefly, however, EIS involves the application of an A/C input signal (of a known 

frequency) and the measurement of the resulting current response. Analysis of this response provides 

an impedance value which is comprised of both a real (Z’) and imaginary (Z’’) contribution. 

Importantly, the impedance measured is characteristic of the frequency of the original input signal. 

Furthermore, various phenomena are found to dominate the impedance response at differing 

frequencies. Measurements are taken at a range of frequencies (typically from the MHz to the mHz 

range) to construct an impedance spectrum. Importantly, the resulting spectrum (often represented 

as a Nyquist diagram) is commonly modelled to offer further physical insight into the processes taking 

place within the cell. As a result of this approach, therefore, the electrochemical engineer can begin 

to quantify and build-up an understanding of the various physical processes taking place in an 

electrochemical system.  In recent times, several add-on techniques to studying impedance spectra 

have become increasingly popular. This includes the Kramers-Kronig test (for validation purposes) and 

the Distribution of Relaxation Times (DRT) methodology (for the identification and quantification of 

contributing phenomena). These techniques are further described in [282]. Employment of these 

approaches will be detailed later in the thesis work.  

During EIS measurements of symmetrical cells, each electrode switches from anodic to cathodic 

polarisation. At any one time, one electrode acts in ‘electrolysis mode’ whereas the other works in 

‘fuel cell mode’. A drawback of symmetrical cell testing is that tests must be conducted in an open-

circuit like condition (i.e. i~0Acm-2) [225,283] and, as a result, an understanding of the electrode 
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behaviour under polarisation conditions is not possible. Nevertheless, and as described previously, 

this type of test is commonly used for assessing the performance of electrode materials; the 

‘suitability’ of symmetrical cell testing in developing an understanding of electrode performance is 

explored in Chapter 5.     

3.4.1.2 Experimental set-up 

For EIS measurements to be conducted on symmetrical cells, a cell and contact assembly was prepared 

and placed in a horizontal furnace as is shown in Figure 3.5. This offered a similar set-up to that 

described by Jorgensen and Mogensen [284]. To achieve suitable electrical contact between the 

electrode and the current collecting materials, a 175g alumina weight was placed on top of the Au 

meshes. EIS measurements were conducted using a Solatron 1470E Potentiostat in conjunction with 

a Solatron 1455 Frequency Response Analyser. The effect of applying Au paste as a contact material 

between the mesh and the electrode was also studied and is described Chapter 4. 

 

Figure 3.5 - Schematic of symmetrical cell set-up. 

3.4.1.3 Experimental procedure 

EIS measurements were carried out on the symmetrical cells in static air at temperatures between 

600 and 800˚C (intervals of 50˚C). A perturbation amplitude of 10 mV was employed with 2 cycles 
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integration and 1 delay cycle13. For each measurement, the cell was held at temperature for 12 h prior 

to EIS measurements being recorded. This testing configuration was observed to offer good quality 

impedance spectra with minimal noise observed. Polarisation (Rpol) and ohmic (Ro) resistance values 

were calculated for each test, using the conventions and equation described in Chapter 2 (see Section 

2.3.5.2). For the calculation of these values, the area of the electrode is taken to be 16cm2. 

3.4.2 Single cell testing 

3.4.2.1 Background 

The most commonly used cell configuration employed across the SOFC literature is that which we will 

herein describe as a “single cell”. In this instance, the conventional and well-known cell structure is 

employed, comprising the following key components for fuel cell operation:  

Anode (fuel) | Electrolyte | Cathode (oxidant) 

To study such SOFC cells, there are several key techniques and principles which are of major 

significance in performance bench-marking. Polarisation curves, which were discussed in the 

introductory chapter of this thesis, represent the most common and well-known of these methods. 

Such an approach effectively charts the current (or power) output of the cell over a defined voltage 

range (typically the open circuit voltage to around 0.6 V). Both current (I) and power (P) are commonly 

normalised per unit area and represented as current density (i) and power density (p), with units of 

Acm-2 and Wcm-2
, respectively . Within the literature, it is commonplace to report or bench-mark such 

properties at a given voltage rating (often at 0.7 V). In some papers, the maximum values of power 

and/or current density are also reported. However, Klotz et al. [259] label this parameter as “irrelevant 

to SOFCs” given the inefficiencies and instabilities associated with such conditions. Although 

polarisation curves are of importance in understanding the performance of a single cell, such a test is 

                                                           
13Integration cycles define the number of complete sinusoidal waves that are conducted by the potentiostat 
software to calculate the impedance value at each frequency. ‘Delay’ cycles determine the number of 
complete cycles that are conducted before the impedance measurement is commenced (allowing for a 
‘settling period’).  
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capable of offering only limited understanding on the various phenomena that contribute towards cell 

output. Additional tests are typically required/employed to probe the relative contributions of cell 

components or transport processes (i.e. charge transfer and diffusion).  

3.4.2.2 Experimental set-up 

To conduct single cell SOFC testing, several key requirements are fundamental. Importantly, this 

includes the stable provision of (1) a suitable operating temperature, and (2) a supply of fuel and 

oxidant to the cell. Further, the necessary electrical connections to conduct highly sensitive electrical 

measurements at high temperatures must be ensured. Without suitable accuracy, sizeable error can 

be introduced into the cell measurements as detailed in [259]. As an example of this, instabilities in 

gas flow can cause fluctuations in the operating voltage of the cell which can prevent the acquisition 

of good quality impedance measurements.  

Within the literature, numerous test set-ups are detailed but these are fundamentally comprised of 

the same key components. For the work described here, an electronically controlled Carbolite furnace 

in conjunction with an alumina cell-housing (Chino Corporation, Japan) was adopted. The housing was 

comprised of two sections (Figure 3.6) and fitted with gas, electrical and thermocouple connections. 

The set-up employed a typical two electrode four wire set-up which has also been employed in 

numerous other reports (e.g. [284,285]). The SOFC cell was assembled into the holders along with 

sealing materials and current collecting meshes. A schematic of the cell-holder assembly is shown in 

Figure 3.7. Importantly, the current collecting meshes were in direct contact with lead-out wires which 

enabled electrical connections to the cell to be made with the external control units. On the anode 

side of the cell, a 0.5 mm Ni-mesh (Chino) was employed in direct contact with the Ni-YSZ anode. On 

the cathode of the cell, a 0.5 mm Ag-mesh (Chino) was used14 and, additionally, a thin layer of contact 

paste was also employed on the cathode side. The reasons for this are detailed in Chapter 5. To achieve 

                                                           
14

 The employment of Ag mesh is thought to be unfavourable given the promotional catalytic effect that Ag can have on 
cell-performance as documented by Egger and Sitte [402]. Attempts to employ Au were carried out but for spatial and re-
use/cost purposes, good quality results were difficult to achieve (in terms of impedance response and power outputs).  
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suitable sealing, two mica gaskets (Chino) were fixed to the cell housing, with the cell placed in-

between. The achievement of a good quality seal was particularly important on the anode-side of the 

cell, given leakages could lead to thermal gradients across the cell (e.g. due to hydrogen flames) and 

offer difficulties with respect to obtaining good quality data.    

 

Figure 3.6 – Disassembled cell holders with electrical, gas and thermocouple connections shown. 

 

Figure 3.7 – Schematic of cell holder with cell, current collector and mica gasket. 
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A schematic of the experimental set-up is shown in Figure 3.8, illustrating the gas and electrical 

connections. Bronkhorst Mass Flow Controllers (MFCs) were used to control hydrogen, nitrogen, and 

air flow-rates to the cells. For later tests, the rig was adjusted to test the cathode under oxygen-

nitrogen blends to study the effect on the cell. For the purposes of electrical measurement and 

control, the cell holders were connected to a Solatron 1470E potentiostat via a 25A/125W booster 

unit. To enable EIS measurements to be performed, a Solatron 1455 Frequency Response Analyser 

(FRA) was also connected to this set-up. The potentiostat and FRA were controlled by Multistat 

software (Ametek).    

 

Figure 3.8 - Simplified schematic of cell test set-up. 

3.4.2.3 Experimental procedure 

After the preparation of the cell holder as described above, the assembly was placed into the furnace 

with gas and electrical connections fitted. In accordance with guidelines from the rig supplier, the 

heating profile and gas flow conditions were set as described by Figure 3.9. A slow ramp rate of 

1˚C/min was employed to avoid any structural issues (i.e. cell cracking or delamination) associated 

with the differing thermal expansion of the various materials in the assembly. The reduction of the 
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NiO-based anode was commenced at 800˚C, employing a H2-N2 mixture15 containing an initial 16vol% 

H2. This condition was maintained for 24 h to ensure the full reduction of the anode prior to increasing 

the H2-content to a 100vol% H2 (0.2 to 0.5 l/min) condition. The voltage was then left for a further 1 

to 2 hours prior to collecting measurements, in order to allow the stabilisation of the cell at the given 

operating condition. The use of humidified hydrogen and its effect on SOFC testing with the described 

set-up will also be detailed in Chapter 5.   

 

Figure 3.9 - Temperature programme for heating and cooling employed for single cell testing. Gas flows were set as follows: 
region (1) no anode gas flow, 0.2 l/min air on cathode side, region (2) 0.2 l/min N2 anode side, 0.2 l/min air on cathode side, 
region (3) 24 hour supply of 16vol% H2-84vol% N2 before a gradual increase to 100% H2 (0.2-0.5 l/min) and 0.5 l/min flow of 

air. For cooling (region (4)) 16vol% H2-84vol% N2 employed to prevent oxidation of the anode. 

For the procurement of polarisation curves during cell testing, a “voltage step” test was conducted. In 

such an instance, the voltage is periodically reduced in (10 mV) steps and held for a 30 second period, 

with the current recorded during this time. Such an approach is deemed to be preferable to a 

continuous scan speed [259]. For each cell studied, polarisation curves were recorded at temperatures 

between 800 and 650˚C in 50˚C intervals.  

                                                           
15 A Hydrogen-nitrogen mixture was employed to prevent a rapid contraction of the anode during reduction. 
Reduction in a 100% hydrogen atmosphere was observed to lead to cell cracking in one instance. 
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In the case of recording EIS measurements, measurements were recorded at open circuit voltage. A 

voltage perturbation amplitude of 50 mV was employed and a frequency range of 1 MHz to 0.05 Hz. 

It is noted that a small perturbation amplitude is commonly preferred (10 to 30mV is more commonly 

employed within the literature) but with the set-up described a larger amplitude was found to be 

necessary to minimise noise. Commonly, integration times (the amount of time or the number of 

cycles the FRA runs at each frequency) can be customised to improve the quality of impedance data. 

A trade-off between experimental time and noise reduction should be considered. For the testing 

work conducted here, 2 integration cycles were employed in each case with an additional 1 cycle of 

delay. This procedure was in agreement with that which has been recommended by Klotz et al.[259].  

In order to conduct a DRT analysis of each cell (and in an attempt to identify the relevant anode or 

cathode contributions), EIS measurements were conducted under a variety of conditions. In the most 

basic case, this included an EIS measurement at each operating temperature (600 to 800˚C). Further 

to this, measurements were also conducted under different anode and cathode gas compositions in 

an attempt to isolate the cathode contributions from the anode contributions. This use of different 

gas compositions is a technique also applied in other studies [286] in order to aid the deconvolution 

of contributions via DRT analysis. This was achieved by mixing nitrogen into the fuel or oxidant gas-

streams to offer a diluting effect. An EIS measurement was then conducted at each condition, with 

the cell allowed to equilibrate (with respect to voltage and temperature) prior to this, by maintaining 

the cell at OCV for approximately 1 hour. 

In order to assess the quality of the impedance data via a study of residuals, Kramers-Kronig analysis 

was performed in Lin-KK software [287]. DRT analysis was performed on the EIS spectra using an in-

house developed script, with a view to identifying the number and magnitude of constituent 

electrochemical processes. Following this, modelling of the EIS spectra was conducted using ZView. 

Here, each electrochemical process was modelled using an ‘RQ element’ (see [282]).  
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3.5 Physical characterisation techniques 

In addition to electrochemical analysis via the aforementioned cell testing methods, analysis of the 

materials and cells was conducted using several physical characterisation techniques. This included X-

Ray Diffraction (XRD) to perform phase analysis and the use of Scanning Electron Microscope (SEM) 

techniques to study microstructures. Here, these approaches are described.  

3.5.1 X-Ray Diffraction 

3.5.1.1 Background 

In order to assess the success of the synthesis approaches detailed in Section 3.2, XRD techniques 

were routinely utilised for the purposes of phase analysis. This approach is common for characterising 

the atomic structure of crystalline materials [273] and is widely employed in SOFC R&D. For the 

purposes of this technique, X-rays are first generated from a defined metal-source (e.g. Cu, Co). As a 

result of this bombardment, electrons are liberated from the source material. In turn, outer-shell 

electrons within the source material fall to lower (now unoccupied) energy states. The result of this 

interaction is the release of electromagnetic radiation with a characteristic wavelength, described by 

the Planck-Einstein relation: 

𝐸𝑤𝑎𝑣𝑒 = ℎ𝑣 =
ℎ𝑐

𝜆
 (𝐸𝑞. 3.1) 

where 𝐸𝑤𝑎𝑣𝑒, ℎ, ѵ, 𝑐 and 𝜆 denote the energy of the wave, Planck’s constant, wave frequency, the 

speed of light and the wavelength, respectively. The wavelength of these resulting photons 

corresponds to the range referred to as X-ray radiation (𝜆 ~1A). This wavelength is comparable to that 

which is seen for interatomic spacing of crystalline materials. This is of great importance for reasons 

to be described.  

A key defining feature of crystalline materials is their long-range atomic order. When X-Rays are 

directed at such materials, they are seen to be scattered in a characteristic and repeatable manner. 

The common analogy which is offered in textbooks on this subject is that the planes of atoms act in a 
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similar manner to how an optical grating scatters (or diffracts) visible light. In that case, visible light is 

diffracted when the grating separation is of similar size (or slightly larger) to the wavelength of the 

light which is incident upon it (380 to 700 nm). Beyond the grating, constructive and destructive 

interference then leads to a series of peaks (light fringes) and troughs (dark fringes). X-rays are often 

described to act in a similar manner when they are incident upon a plane of atoms; the small 

wavelength of the X-Rays (below that of the interatomic spacing) enables this to occur. The 

constructive and destructive interference of the X-rays can be utilised to obtain information on lattice 

parameters and crystal symmetry.  

 

Figure 3.10 - Schematic demonstrating the diffraction grating analogy of planes of atoms [288]. 

The concepts discussed so far are perhaps best understood when studying Figure 3.10. Constructive 

interference occurs between two diffracted X-rays when the path difference (2𝑑𝑠𝑖𝑛𝛳) is equal to a 

whole number (𝑛) of wavelengths (𝜆). This relationship is represented by the Bragg equation: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝛳 (Eq. 3.2) 

 As such, given information on the X-ray wavelength and the angle of incidence, atomic spacing may 

be calculated. Or perhaps, more importantly, the angles at which a peak is observed offers information 

on the atomic distance of a given plan. To ensure all dimensions of a phase can be determined, 
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measurements in numerous orientations are required. As such, XRD is conducted on a powdered 

sample where the random and numerous orientations enable such a consideration. Whilst the angle 

of the peaks relates to the atomic separation, the amplitude/intensity of the peaks is associated with 

the type and position of the atoms in the lattice. These two factors mean that each crystalline phase 

has a characteristic ‘fingerprint’. XRD can, therefore, be employed in order to detect specific phases 

within solid samples. Importantly, the technique can be used to detect the presence of impurity 

phases and hence becomes a tool of great importance in the synthesis and analysis of crystalline 

materials. 

Whilst the idea of Bragg’s law involves relatively simple mathematics (and is, therefore, rather 

convenient) it is notable that this remains only a representative model of the real-life scattering effect. 

The reality is more complex. The true cause of X-ray scattering is a result of the interactions with the 

periodic electron clouds found in crystals. The correlation between measured XRD data and a crystal 

structure is related by a Fourier transform of the so-called “reciprocal space”. Despite this, Bragg’s law 

and the associated theory is widely regarded as a good approximation of XRD effects.  

3.5.1.2 Data collection and phase identification 

For the XRD measurements described in this thesis a Bruker D2 Phaser Diffractometer (Co-source; 

λKα=1.79 Å) was employed. The diffractometer, equipped with an auto sampler, enabled a quick and 

convenient approach to conduct measurements on multiple samples. Further, the use of Co-radiation 

helped to reduce the possibility of fluorescence effects on Co-, Fe- (and to a lesser extent) Ni-

containing systems. Importantly, this helped to minimise background noise and, as a result, aided with 

the identification of phases. For phase identification, data was compared with the Powder Diffraction 

File (International Centre for Diffraction Data) database [289] using the DIFFRAC.EVA (Bruker) 

software [290].  
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3.5.2 Scanning Electron Microscopy  

3.5.2.1 Background 

Where necessary, Scanning Electron Microscopy (SEM) has been employed in order to analyse 

materials and substrates at high magnification (up to ~10,000x). Notably, SEM is universally employed 

in SOFC literature to explore the microstructure of cell components and materials and, as such, is an 

important tool in the SOFC researcher’s arsenal. For the works described in this thesis, a Phillips XL30 

ESEM FEG (Environmental Scanning Electron Microscope - Field Emission Gun) has been employed. 

Both powder-based samples as well as solid substrates have been analysed via SEM in this thesis.  

Although SEM is a widely used technique amongst the scientific community, we will here briefly re-

cap some key principles.  

Whilst an optical microscope makes use of light and a series of focussing lenses to increase image 

magnification, SEM employs electrons and magnetic fields to achieve even greater magnification and 

resolving power. Electrons are first directed at the surface of samples with an electron gun. A detector, 

placed above the sample, is then used to develop an image of the surface based upon how the 

electrons are scattered. There are several ways in which electrons can interact with a sample surface 

and these may be appreciated in Figure 3.11a. So-called ‘Secondary Electrons’ and ‘Backscattered 

electrons’ are used to produce Secondary Electron Images (SEI) and Electron Backscattered Diffraction 

(EBSD/BSE) images. Secondary electrons are produced via surface and near-surface inelastic electron 

interactions and SEI is most typically utilised to obtain topographical images (see Figure 3.11b and c). 

EBSD imaging is typically preferred for showing comparisons between phases given that the scattering 

ability of a material is related to atomic number. For reasons that are apparent in Figure 3.11b and d, 

heavier atoms which back-scatter a greater number of electrons are shown up with brighter contrast 

in EBSD images.  
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Figure 3.11 – (a, top left) Schematic illustrating electron interactions [291], (b, top right) schematic of electron interactions 
at atomic scale  [292] (c, bottom left) schematic illustrating how SEI enables topographical information to be obtained  
[292] and (d, bottom right) a schematic illustrating the relative back- scattering abilities of two materials with different 

atomic numbers [292]. 

3.5.2.2 Data collection 

For the SEM analysis of powdered samples, a small quantity of material was mounted onto double-

sided-adhesive-carbon-stubs. This was to ensure the material was not liberated during the creation of 

the vacuum in the SEM and also to ensure a conductive pathway was available for the impinging 

electrons. This was deemed important to prevent charging effects and to prevent the destruction of 

the sample itself. 

In the case of solid substrates, samples were mounted in epoxy and polished with 0.2 to 0.05 μm 

alumina suspension (Buehler) and polishing cloths. This was in order to provide an optimum image for 

analysis. After polishing, the samples were sputter-coated with carbon to prevent charging effects. 

Sputter-coating was found to be particularly important for these epoxy-mounted samples given the 

notable charging effects observed during analysis. This is a largely unsurprising observation given the 

poor conductivity of the polymer matrix. The use of carbon sputtering was selected due to the 

avoidance of Kα values of key elements. 
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4 Understanding the symmetrical cell performance of lanthanum 
nickelate electrodes: the effects of sintering temperature and 

Current Collector Layers 
4.1 Overview of chapter 

As described earlier in this thesis, a selection of lanthanum nickelate materials have been proposed 

for application in Solid Oxide Fuel Cells. More specifically, their use as oxygen electrodes has been the 

subject of some significant interest from a number of research groups 

[205,224,226,239,242,243,246,251,252,254,255,293–301]. However, despite many efforts to 

characterise these materials via a variety of different experimental approaches, their relative 

performance to one another and, moreover, to the state-of-the-art SOFC cathode material (La1-ySryCo1-

xFexO3) remains rather difficult to interpret based on the data within the literature.  An attempt at 

conducting an analysis of this rich body of data was provided in Chapter 2 but it was noted that such 

an analysis is subject to many caveats. Significantly, and for each of the studied phases, a broad range 

of polarisation resistance values have been reported in the literature. This presents something of a 

problem for the SOFC community in defining the quality of these materials as oxygen electrodes. 

The drawing of comparisons between experiments undertaken by different research groups is 

complicated by the many different approaches that are detailed in the various reports. To offer a more 

specific example, some researchers have described the use of Pt, Ag or Au-contact paste in testing 

methodologies [245,246,255,256,294,301]. These pastes, often used in conjunction with noble-metal 

meshes, are applied to the electrode surface in order to reduce the contact resistance between the 

electrodes and electrical connections to the potentiostat. In other publications (e.g., 

[233,247,293,297]), the use of such pastes is avoided and, in those instances, the contact is limited to 

a solid-to-solid interaction. Given that these two different approaches are capable of influencing 

electrode performance [302], this presents a problem in interpretation of results. Comparison of 

electrode performance across studies becomes difficult and the conclusions obscured (i.e. how much 

does the contacting technique ‘skew’ the result in the favour of a given material? Is the effect the 
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same in each instance? Or, more likely, is it also a function of the underlying material properties of 

the electrode?). The variation in testing set-ups (e.g. magnitude of compressive force placed on cell) 

and fabrication routes (e.g. sintering temperatures, deposition routes) makes it difficult to offer any 

robust assessment of the materials in question based on the literature data. In this chapter, therefore, 

we begin to offer a more comprehensive and a more balanced comparison between the materials in 

question. Further, we look to assess the effect of several variables in order to offer comment on how 

certain fabrication or testing approaches may influence results and, hence, the resulting conclusions 

that are drawn. 

In addition to developing an understanding on the performance of the materials themselves, the 

breadth of phases considered in this study (from those with good electronic conductivity to those with 

good ionic conductivity) is of interest in understanding different approaches to SOFC testing and how 

conclusions may be influenced by the chosen methodology and materials. After a short discussion on 

the synthesis of the lanthanum nickelates, this chapter looks to explore the following key points: 

 What is the performance of the lanthanum nickelates in relation to state-of-the-art oxygen 

electrode materials? 

 Which of the studied La-Ni-O phases offer the most promise for further optimisation? 

 What impact does the sintering temperature have on symmetrical cell performance and is 

this effect common across all the studied materials? 

 How does the application of noble metal contact paste alter the performance of the 

underlying electrode? Do such effects offer any insight into how La-Ni-O electrodes may be 

best optimised? Does this reveal any key issues relating to SOFC testing? 

4.2 Synthesis 

Within the literature it is apparent that the effect of particle size and shape (i.e. of the starting 

materials) can influence the resultant performance of electrodes [262,303]. In turn, different synthesis 

routes are known to impact upon particle morphology [304]. In an acknowledgement of these 
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observations, an initial objective of this work was to identify a single process by which all the studied 

phases could be derived. This was in an attempt to synthesise materials with similar properties (i.e. 

particle size and morphology) and therefore offer a balanced comparison between the materials in 

question. Within the literature, there are several key methodologies employed in the synthesis of a 

number of different lanthanum nickelate phases. Authors have reported success in this regard via solid 

state [194,305,306], spray pyrolysis [307], microwave [308], and sol-gel approaches [309–311]. Here, 

two of these methodologies are considered for the synthesis of materials to be utilised in the 

remainder of the thesis.   

4.2.1 Solid State Route 

In order to assess the suitability of the solid-state route for the production of La2NiO4+δ, La3Ni2O7-δ, 

La4Ni3O10-δ and LaNi0.6Fe0.4O3-δ, a series of synthesis experiments was performed employing several 

synthesis temperature (T=1000, 1100, 1200˚C). In each instance, and as described in Chapter 3, 

constituent metal oxides (La2O3, NiO, Fe2O3) were weighed, intimately mixed and then heated for up 

to 120 h to produce each phase.  To aid the formation of the desired phases, several intermediate 

grinding steps (at t=12, 24 and 72 h) were performed. The importance of selecting the correct 

synthesis conditions can be appreciated in Figure 4.1 in which three separate attempts to synthesise 

La2NiO4+δ are shown. After heating at lower temperatures (T=1000, 1100˚C), the materials were found 

to remain as a mixture of reactants (e.g. La2O3 and NiO) and intermediate phases, even after 120 h of 

total annealing time. This likely pertains to the need to overcome diffusion related limitations via 

thermal effects. In the case of the highest temperature synthesis condition (T=1200˚C), a single-phase 

material was found to be achievable after just 24 h of heating. However, whilst the first order 

Ruddlesden-Popper phase could be readily synthesised via this route, the remaining phases of interest 

were found to be far more difficult to produce. This is typified in Figure 4.2 for the La3Ni2O7-δ phase 

(the remaining data are shown in Appendix E). The difficulty in synthesising the higher-order 

Ruddlesden-Popper phases is an observation also reported by Voronin et al. [312]. Takahasi et al. 

[207], on the other hand, described better success in producing La3Ni2O7-δ and La4Ni3O10-δ via the solid 
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state route. In that instance, the authors employed heating periods of up to 6 days, using relatively 

low annealing temperatures (<1100˚C). However, even under such conditions, evidence of minor 

impurities was noted. The difficulties found in obtaining these materials (in this study and the 

literature) likely relates to (a) the aforementioned need to overcome diffusion-related limitations via 

high temperatures, and (b) the favourable thermodynamic stability of Ni2+ relative to Ni3+ (and hence 

the relative favourability of La2NiO4+δ formation) at temperatures in excess of 900 to 1000˚C [205,309]. 

Given the desire to find a single route by which all materials could be prepared, an alternative 

approach was pursued that could enable lower temperature synthesis.  

4.2.2 Pechini Route 

4.2.2.1 Phase analysis 

By overcoming diffusion-related issues observed in the reaction of solid-state materials, the 

employment of sol-gel synthesis routes is capable of reducing the energy intensity that relates to the 

production of complex metal oxides. More specifically, this can reduce the synthesis temperature and 

the number of heating steps required. The Pechini process (described in Chapter 3), in addition to 

other variants of the sol-gel technique, has been employed elsewhere in the literature (e.g. [206,313]) 

to synthesise lanthanum nickelate materials, most commonly La2NiO4+δ and LaNi0.6Fe0.4O3-δ. In this 

work, and for each phase, a polymeric gel was formed via a dissolution of metal nitrate powders in 

deionised water and the further addition of citric acid and ethylene glycol (see Chapter 3). After 

heating at 350˚C the resulting ash-like precursor was annealed at higher temperature to achieve the 

desired phase. For La2NiO4+δ and LaNi0.6Fe0.4O3-δ the pre-cursor was heated to 1000˚C and, for the 

La3Ni2O7-δ and La4Ni3O10-δ phases, to 1150˚C. A number of batches of each material were synthesised, 

with XRD analysis performed on each batch to confirm the correct phase was produced. Smaller 

batches were then combined into a larger sample (~40g), ball-milled and sieved using a 25 micron 

mesh. The final samples were then analysed via XRD. In Figure 4.3 the raw data are compared with 

exemplary data from the ICSD database [314]. The success of this route in preparing the required 

phases is evident from this comparison. 
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Figure 4.1 – Attempts at solid state synthesis of La2NiO4+δ under different annealing conditions; (a) 120h total anneal at 
1000˚C, (b) 120 h total anneal at 1100˚C, (c) 24 h at 1200˚C. 
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Figure 4.2 – Unsuccessful solid state synthesis of La3Ni2O7-δ  under different annealing conditions; (a) 120 h total anneal at 
1000˚C, (b) 120 h total anneal at 1100˚C, (c) 24 h at 1200˚C. 
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Figure 4.3 – XRD data taken from samples prepared by the Pechini route; (a) La2NiO4+δ, (b) La3Ni2O7-δ, (c) La4Ni3O10-δ and (d) 
LaNi0.6Fe0.4O3-δ. Comparisons with data from the ICSD database are shown beneath each spectrum. A version of this figure 

is intended for publication [315].
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4.2.2.2 Particle Morphology 

To analyse particle morphology, powdered samples were mounted onto adhesive carbon tabs and 

analysed via Scanning Electron Microscopy (SEM). Images of the La2NiO4+δ and commercial 

La0.6Sr0.4Co0.2Fe0.8O3-δ samples are shown in Figure 4.4a and Figure 4.4b, respectively. This analysis was 

complicated by clumping of the materials, which meant a more quantitative study was difficult16. 

Nevertheless, it was apparent that particles that were prepared by the Pechini route (and 

subsequently milled and sieved) were mostly of irregular shape (<2 μm). The commercial material 

(LSCF6428) was characterised by more regular, spherical particles. Given that this has the potential to 

impact both the fabrication and performance of electrodes, an LSCF6428 sample was also synthesised 

via the Pechini route (XRD results of this synthesis route are shown in Appendix E) with a view to 

assessing the performance of this material in parallel to that of the commercial one.  

 

Figure 4.4 – SEM images of (a) La2NiO4+δ powder synthesised via the Pechini route and (b) commercial LSCF6428 powder 
(Praxair). 

4.3 Symmetrical Cell Performance 

A common approach to assessing and optimising oxygen electrode materials is to perform so-called 

“symmetrical cell” tests. This involves the deposition of the same electrode materials both sides of an 

electrolyte substrate and then the subsequent acquisition of EIS measurements under what is in-effect 

an OCV-like condition (i.e. i≈0 Acm-2). In this instance, the aim is to obtain information about the 

                                                           
16 Attempts to conduct quantitative analysis using both laser particle size analyser and SEM image processing 
techniques were found to be difficult – this was believed to be due to the clumping of particles. Attempts to 
overcome this were trialled (e.g. use of dispersants, drop-casting) but did not alleviate the issue.  
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oxygen reduction process for the electrode in question. The key benefit of such experiments is the 

ability to remove the contribution of the anode and to, in-effect, isolate the performance of the 

oxygen electrode. The main disadvantage, meanwhile, is that such tests are incapable of offering any 

significant information on the behaviour of electrodes under polarisation (i.e. i>0 Acm-2). The 

expectation, therefore, is that the insight offered is limited to that seen under equilibrium conditions 

(i.e. in the initial ‘activation’ region of the polarisation curve). Nevertheless, symmetrical cell tests are 

an important aspect of electrode performance testing and, as described earlier, are widely employed 

in the literature. The SOFC community [259,316] have identified these tests as a recommended 

component of electrode testing. This technique is employed here to offer insight into the performance 

of the different electrode materials and to understand how sintering temperature and contact layers 

impact on such performance. Key terms that are referred to in the following discussion are the so-

called ohmic resistance (Ro) and polarisation resistance (Rpol). As described in Chapter 2 (see Figure 

2.9), the polarisation resistance is defined as the difference between the total impedance (ZDC) and 

ohmic contribution (and, in the case of a symmetrical cell, commonly divided by two to account for 

the two electrodes). Each of these metrics is normalised to the area of the electrode as is convention. 

4.3.1 Design of experiments 

After the aforementioned synthesis processes, an ink of each sample was obtained via mixture with a 

commercial, terpineol-based ink vehicle. Symmetrical cells were then prepared by brush-painting each 

of these inks on to commercial electrolyte coupons (GDC | YSZ | GDC). For initial testing, all samples 

were sintered at 1000˚C for 4 hours. EIS measurements were then performed on the symmetrical cells 

in static air, at operating temperatures (TOp) between 600 and 800˚C (results described in section 

4.3.2). For this initial work, electrical contact was provided via an Au-mesh which was placed in contact 

with the underlying electrode material. An alumina weight (175 g) was placed on top of the electrode-

mesh-assembly to ensure good contact between these components. At this stage, no additional 

contact paste (e.g. Pt, Au, Ag-paste) was employed so as to avoid any ‘artificial enhancement’ of the 

electrode. This does, however, result in electron transfer being limited to a number of contact points 
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where the mesh and electrode material touch. The exact effect of this is, at this stage, an unknown. 

One point to consider is that different contact configurations may impact different phases to different 

extents (e.g. a greater effect may be seen for those materials with poorer electronic conductivity 

and/or larger particle sizes). This is considered further in Section 4.3.3.  

A further parameter of interest in exploring the performance of electrodes, is the effect of sintering 

temperatures. This is explored in Section 4.3.4. In the case of La2NiO4+δ, and in addition to the earlier 

described condition (TSint=1000˚C), electrodes were sintered at 1050, 1100 and 1150˚C. Repeat tests 

were conducted at the temperature extremes (i.e. 1000˚C and 1150˚C) in order to confirm 

observations. Subsequent materials (La3Ni2O7-δ, La4Ni3O10-δ, LaNi0.6Fe0.4O3-δ, La0.6Sr0.4Co0.2Fe0.8O3-δ) 

were then tested at these temperature extremes, with repeats conducted for each sintering condition. 

An overview of the samples tested in this work is shown in Table 4.1.  

Table 4.1 - Overview of electrodes prepared for the symmetrical cell testing detailed in this chapter  

 - One symmetrical cell test conducted (No Au contact paste)  

+Au - One test conducted without Au contact paste and then tested again with Au-paste 

 Electrode Sintering Temperature 

Phases 1000˚C 1050˚C 1100˚C 1150˚C 

La2NiO4+δ 
+Au   

+Au 

La3Ni2O7-δ 
+Au - - 

+Au 

La4Ni3O10-δ 
+Au - - 

+Au 

LaNi0.6Fe0.4O3-δ 
+Au - - 

+Au 

La0.6Sr0.4Co0.2Fe0.8O3-δ (commercial) 
+Au - - 

+Au 

La0.6Sr0.4Co0.2Fe0.8O3-δ (synthesised)  - -  
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4.3.2 Comparison of Performance 

Nyquist plots taken from the initial symmetrical cell testing at sintering temperature TSint=1000˚C can 

be observed in Figure 4.5. Here, the median17 data are shown for each phase. A complete set of data 

(covering all repeat tests) can be found in Appendix F. In each instance, and in order to aid in the 

identification of different contributions, the data are presented on an equally-scaled axis as suggested 

in reference [259]. For the sake of comparison, the ohmic contribution has been removed from these 

plots (i.e. setting Ro=0 Ωcm2) as is convention. The EIS data were generally observed to be of good 

quality, although some noise was evident in the lower frequency range. This appeared to be 

particularly apparent for those materials with poorer electronic conductivity (LNO214, LNO327), but 

interestingly also for the commercial LSCF6428 phase. The quality of the data was also validated from 

the Kramers-Kronig (K-K) analysis (see Figure 4.6); residual values were found to be low in each case 

indicating the data complied with the K-K laws. A summary and comparison of these results is shown 

in Figure 4.7. As is exposed, each material shows different behaviour which is now considered.  

Polarisation resistance: As has been alluded to earlier in this thesis, a key focus of many oxygen 

electrode studies is on the polarisation resistance values of symmetrical cells. Figure 4.7b shows the 

Rpol values of samples sintered at 1000˚C, represented as Arrhenius plots. The error bars represent the 

upper and lower results from the repeat testing. It is notable from these results that the commercial 

LSCF6428 material offers the most favourable performance of all the studied materials in this 

particular comparison of Rpol values. Whilst the synthesised LSCF6428 material (“LSCF6428-P”) is 

inferior to the commercial material (likely due to particle morphology factors) it outperforms the 

lanthanum nickelates synthesised via the same route. This appears to indicate that the lanthanum 

nickelate phases are incapable of matching the performance of the state-of-the-art LSCF6428. This is 

consistent with conclusions drawn in Chapter 2 and appears particularly apparent at the lower 

operating temperatures. However, it is also notable that the nickelate phases display a very broad set 

                                                           
17 In this case we define the ‘median data’ to be that associated with the median Rpol value of the three repeat 
tests. The #number in each plot describes the test/cell number (1 to 3) with which the median was observed. 



104 
 

of behaviours, with LNO327 displaying the lowest polarisation of the nickelates. At higher 

temperatures (800˚C), LNF64 is also competitive.  

An interesting observation from Figure 4.7b is the apparent divergence from Arrhenius-type 

behaviours for the commercial LSCF6428 material. There appears to be two specific behaviours (or 

gradients) on the Arrhenius plot for this material, suggesting a change in the rate-limiting step of the 

measurement. This can be understood by consideration of the Nyquist plot for this material (Figure 

4.5f). As is shown in the inset, the EIS spectra is comprised of two separate arcs or contributions. These 

can be thought of as two separate processes with different time constants (τ=RC). For discussion 

purposes these processes will be described as HF (high frequency) and LF (low frequency) 

contributions. The LF contribution can be observed at all temperatures for the commercial LSCF6428 

material and remains of a similar size under all measured conditions. This suggests that this 

contribution is not heavily influenced by temperature, potentially alluding to a diffusion-related 

process. In contrast, the HF contribution is significantly reduced with increasing temperature, likely 

suggesting an electrochemical process. The relative size of these contributions to one another is 

dramatically changed between the operating temperatures of 600 and 800˚C. This causes the noted 

behaviour in the Arrhenius plot. Further, this LF process can also be seen for the other electrode 

materials. However, due to the much larger impedances, this only becomes apparent at higher 

temperatures (see the inset plots in Figure 4.5). Given these observations, this process is likely to be 

unrelated to electrochemical behaviour of the materials and more due to some diffusion-related 

effect. Indeed, consideration of the literature reveals similar observations which are also placed down 

to gas conversion [317]. Ideally, this contribution could be removed for an assessment of the 

electrodes (given this is not an effect influenced by the materials themselves) but this became difficult 

in many instances.  
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Figure 4.5 – Nyquist plots from symmetrical cell tests; (a) LNO214, (b) LNO327, (c) LNO4310, (d) LNF64, (e) synthesised 
LSCF6428 (LSCF-Pech), (f) commercial (Praxair) LSCF6428  (LSCF6428-C). Number next to ‘#’ denotes the test/cell number 

from which the result is shown (i.e. #2=Cell Number 2 of the 3 repeat tests). The displaced result corresponds to the median 
Rpol result in each instance. See Appendix F for full set of data. 
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Figure 4.6 – Kramers-Kronig residuals of the ‘median’ values of symmetrical cell tests; (a) LNO214, (b) LNO327, (c) LNO4310, 
(d) LNF64, (e) synthesised LSCF6428 (LSCF-Pech), (f) commercial (Praxair) LSCF6428  (LSCF6428-C). 
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Figure 4.7 - Comparison of results from initial symmetrical cell tests (TSint=1000˚C); (a) Nyquist plot for data recorded at 
800˚C, (b) Arrhenius plot of polarisation resistance (Rpol), (c) Arrhenius plot (600-800˚C; 50˚C intervals) of ohmic resistance 
(Ro) and (d) bar chart showing the total impedance and the relative contributions of Ro and Rpol [error bars represent the 

upper and lower values from repeat testing]. 

Ohmic resistance: Within the literature, there is often very little consideration of the ohmic resistance 

values of symmetrical cells. This metric, it is often assumed, is predominantly associated with 

electrolyte losses and also the wiring configurations employed in testing set-ups. As a result of this, a 

number of authors overlook this value in favour of Rpol. However, an interesting observation in the 

data studied here is the dramatic difference in Ro values between samples (Figure 4.7c). In some cases 

there is more than an order of magnitude difference between samples. Given that identical 

commercial electrolyte substrates are employed in each case, it is evident that this difference is 

related to the electrode material. Indeed, a close study of Figure 4.7c describes behaviours that may 

be expected based on the conductivity of these phases (see Chapter 2). La2NiO4+δ, with the lowest 

electronic conductivity of all of the studied materials, demonstrates the highest Ro values. Ro values 
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decrease for the higher order Ruddlesden-Popper phases and are shown to be lowest for the 

perovskite phase LNF64 (i.e. Ro decreases in the order LNO214 > LNO327 > LNO4310 > LNF64). In fact, 

by this metric, LNF64 out-performs both the commercial and synthesised LSCF6428 phases thus 

supporting its potential as a contact material.   

The significance of the observations on ohmic resistance can be appreciated in Figure 4.7d in which 

the total area specific resistance (ZDC) of the symmetrical cell samples is shown. In many cases, Ro 

dominates the total resistance of the samples. Importantly, this affects the conclusions drawn from 

the testing. For instance, La2NiO4+δ might be considered to be one of the better performing lanthanum 

nickelate materials at 600˚C when considering only Rpol values. However, it is clearly seen that the very 

large ohmic losses lead to the highest overall resistances. LNF64, meanwhile, offers comparable ZDC 

values to LSCF6428 between 700 and 800˚C. Given that cell performance is ultimately determined by 

all resistive losses, an argument could be made that the most appropriate term for authors to use is 

the ZDC value rather than Rpol that is commonly referenced in studies. Further analysis on the relative 

performance of the materials is offered in Section 4.5.  

4.3.3 Effect of precious metal contact layer 

As was noted in the previous section, the ohmic contribution of a sample can be significant and was 

observed to be heavily dependent on the electrode material. In some instances, Ro was found to 

dominate the overall EIS measurement. To further explore this, and to also consider the influence of 

different testing approaches employed in the literature, an analysis of the effects of an additional Au-

current contacting layer (Au-CCL) is now provided. To conduct this assessment, a commercial Au-

contact ink (Fuel Cell Materials) was applied to samples tested as part of the work described in 4.3.2. 

These cells were then tested once more, this time with the newly applied Au-CCL. This approach 

helped to directly identify the effect of conductive layers on the performance of an underlying 

electrode material. The results of these tests and comparison with cells without the Au-CCL layer are 
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summarised in Figure 4.8 and Figure 4.9. Additional results for symmetrical cell tests sintered at 

1150˚C can be seen in Appendix F. 

A number of key points should be noted when discussing the effects of the Au-CCL on the performance 

of the symmetrical cells. Firstly, the quality of the data was improved; the noise that was evident for 

samples without the Au-CCL was almost entirely eradicated. The change in the electrode performance, 

meanwhile, offered some rather interesting conclusions. In all cases, the ohmic resistance values were 

reduced (shown in the Arrhenius plots in Figure 4.8 and Figure 4.9). Given the excellent electronic 

conductivity of Au, this is mostly an unsurprising finding. It is notable that the improvement was, 

understandably, most prominent for the electrode materials with inferior conductivity properties (i.e. 

LNO214). However, what is perhaps a little more surprising, is the effect that the Au-CCL has on the 

polarisation performance of each of the materials, given that Rpol is not commonly associated with 

contact resistance. In the case of LNO214, the change in Rpol is remarkable (a reduction in an order of 

magnitude at 800˚C). In the case of the perovskite materials LSCF6428 and LNF64 (Figure 4.9), on the 

other hand, the change in Rpol is minimal. Observation of the Ruddlesden-Popper phases (Figure 4.8) 

shows that the effect on Rpol increases with increasing ‘n’ (or, more pertinently, increasing electronic 

conductivity). This observation can be explained by consideration of the oxygen reduction reaction:  

1

2
𝑂2 + 2𝑒− → 𝑂2− 

In the case of poorer electronic conductors, the rate-limiting reaction is likely to be determined by 

electron transport, whereas in other materials it is more likely determined by oxygen transport 

phenomena. These findings are significant for several reasons: 

1. The impact of precious metal current contacting layers can have a significant effect on 

performance but this is also very dependent on the underlying electrode material; this has 

implications with respect to comparing electrodes between studies where different contact 

configurations were employed. 
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2. The evidence from the two testing approaches (with and without Au-CCL) suggests that 

different conclusions may be drawn when conducting tests between dissimilar materials (e.g., 

consider that LNO327 outperformed LNO214 when no Au-CCL was applied whereas the 

reverse case was seen when an Au-CCL was employed). This creates a problem for identifying 

superior materials (i.e. which is the “correct” benchmark when assessing materials?). 

3. The dramatic improvement in performance shown from the LNO214 suggests that this 

particular material can be improved using ‘layered’ electrode structures, e.g. a layer optimised 

for O2 exchange in contact with the electrolyte and a layer optimised for electron exchange 

adjacent to the current collector. This need not necessarily be a noble-metal material and 

could, instead, be a layer of LNF64 which has been shown earlier to offer similar performance 

to that of LSCF.   
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Figure 4.8 – Effect of Au-paste on symmetrical cell performance of Ruddlesden-Popper phases La2NiO4+δ, La3Ni2O7-δ and 
La4Ni3O10-δ; (a, c, e) Nyquist plots, (b, d, f) Arrhenius plots (600-800˚C; 50˚C intervals) showing comparison between the 

symmetrical cell with and without the Au-Current Contact Layer (Au CCL). A version of this figure is intended for publication 
[315]. 
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Figure 4.9 - Effect of Au-paste on symmetrical cell performance of perovskite phases LNF64 and commercial LSCF6428; (a, c) 
Nyquist plots, (b, d) Arrhenius plots (600-800˚C; 50˚C intervals) showing comparison between the symmetrical cell with and 

without the Au-Current Contact Layer (Au-CCL).  

4.3.4 Effect of sintering temperatures 

A notable feature of studies from the literature was that a range of electrode sintering temperatures 

has been employed for the fabrication of samples. Typically these temperatures range from 1000-

1150˚C. However, there is only relatively limited work studying the role that different sintering 

temperatures have on the performance of the various lanthanum nickelate phases. Specifically, we 

are unaware of any work comparing these effects across different electrode materials. Here, an 

analysis was conducted in order to identify the role of sintering temperature in developing high-

performing electrodes and to understand how these behaviours compare with state-of-the-art 

materials. In the case of La2NiO4+δ, an increase in sintering temperature was shown to significantly 

improve the electrode performance (Figure 4.10). The most evident improvement observed was with 
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respect to the ohmic resistance (from a median value of 231.98 Ωcm2 to 49.09 Ωcm2 at an operating 

temperature of 800˚C). Here, and as was also evident in Section 4.3.3, an improvement in the ohmic 

contribution was found to correlate with a reduction in polarisation resistance. At an operating 

temperature of 800˚C, Rpol was reduced from a median value of 5.35 Ωcm2 to 0.61 Ωcm2 by an increase 

in TSint. 

 

Figure 4.10 - Effect of sintering temperature on the performance of La2NiO4+δ electrodes in symmetrical cell configuration. 
(a) Nyquist plots of electrode sintered at 1150˚C, (b) comparison of Nyquist plots recorded at an operating temperature of 
800˚C, (c) Arrhenius plot (600-800˚C; 50˚C intervals)  showing Rpol (squares) and Ro

 (circles) and (d) bar chart showing Total 
impedance value and relative contribution of Ro

 and Rpol. [Note: error bars represent the upper and lower values from 
repeat testing]. A version of this figure is intended for publication [315]. 
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Based on observations from the literature review, two plausible causes/theories for the improvements 

observed can be proposed: 

1. An improved electrode morphology (e.g. improved particle connectivity or electrode-

electrolyte adhesion) leading to a reduction in ion and electron transport-related bottlenecks 

at grain boundaries.  

2. Formation of secondary phases with favourable electrode properties (e.g. improved 

conductivity or catalytic activity). 

In order to investigate which of these effects (if any) drive the improved electrode performance, 

further analysis is provided in Section 4.4 of this chapter. For the remaining lanthanum nickelate 

materials, meanwhile, the effects of sintering temperature are summarised in Figure 4.11. It can be 

noted that the performance of these phases could be improved throughout by elevated sintering 

temperatures. However, with respect to the effect on Rpol, this becomes marginal compared to 

La2NiO4+δ. Nevertheless, in all cases considered thus far, the better electrode performance is generally 

achieved at a sintering temperature of 1150˚C. In the case of the commercial LSCF6428 material 

(Figure 4.12a and b), it is interesting to see a quite different behaviour, though. In that instance, a 

decline in the electrode performance is noted (i.e. ZDC increases) with increasing sintering 

temperature. This is possibly driven by a densification of the cathode and a subsequent loss of porosity 

or catalytic area. In any case, comparison of this effect and that seen for the lanthanum nickelates 

indicates some phase-specific characteristics (i.e. different optimum sintering temperatures). 

However, it is seen that the same approach for the Pechini-synthesised LSCF6428 is much less 

supportive of this theory, suggesting that the behaviour observed is not simply phase-specific but also 

related to the morphology of the particles. In any case, however, it seems apparent that there is some 

phase-specific effect (i.e. the improvement in performance that is achievable from higher sintering 

temperatures is partially phase-specific). This is evidenced by the strong impact seen on the LNO214 

phase and the much less pronounced impact on the Pechini-synthesised LSCF6428.  
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Figure 4.11 – Arrhenius plots(600-800˚C; 50˚C intervals)  demonstrating the effect of sintering temperature on (a, b) 
La3Ni2O7-δ, (c, d) La4Ni3O10-δ, (e, f) LaNi0.6Fe0.4O3-δ. Left hand panels display Arrhenius plots for Ro and Rpol. Right-hand panels 
display the total impedance values (comprised of Ro and 2Rpol). [Note: error bars represent the upper and lower values from 

repeat testing]. 
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Figure 4.12  – Arrhenius plots (600-800˚C; 50˚C intervals) demonstrating the effect of sintering temperature on LSCF6428. 
Both commercial (a, b) and synthesised (c, d) materials were analysed. Left hand panels display Arrhenius plots for Ro and 

Rpol. Right-hand panels display the total impedance values (comprised of Ro and 2Rpol). [Note: error bars represent the upper 
and lower values from repeat testing]. 

4.4 Phase behaviour analysis: the effect of sintering temperature 

The results from Section 4.3.4 suggest that lanthanum nickelate phases, in particular, undergo some 

significant physical and/or chemical transformations at sintering temperatures in excess of 1000˚C. To 

further study the causes of improved performance at higher sintering temperature, a set of ex-situ 

tests are now described. A focus is applied to LNO214 given that this material was found to offer the 

most extreme change in performance with the increase in sintering temperature.  

4.4.1 SEM imaging 

The LNO214-symmetrical cells that were previously tested were studied via Scanning Electron 

Microscopy (SEM). Samples were prepared in accordance with the methodology described in Chapter 

3. At high magnification, the cross-section of these samples indicates improved particle connectivity 
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at higher sintering temperatures (Figure 4.13). In the case of the LNO214 sample sintered at 1000˚C, 

the electrode is defined by isolated particles with relatively poor connectivity whereas, at 1100˚C and 

1150˚C, the particles appear to coalesce more effectively 

 

Figure 4.13 - SEM analysis of four symmetrical cell samples (LNO214) sintered at four temperatures (20,000x 
magnification). A version of this figure is intended for publication [315]. 

4.4.2 Dilatometry 

To further consider the sintering behaviour of La2NiO4+δ, dilatometry experiments were conducted on 

pelletised samples and compared against commercial LSCF6428 and also La0.8Sr0.2MnO3-δ (LSM82). 

Comparisons were made at a sintering temperature of 1000˚C as shown in Figure 4.14a with the 

samples held at this temperature for 4 hours. As is shown, the onset of sintering for LNO214 is 

observed to occur at a higher temperature than that of the state-of-the-art materials. Further, the 

extent to which the nickelate pellet shrinks is far below that of the commercial materials. A further 

experiment was conducted at a higher sintering temperature of 1150˚C which facilitated a much 

greater shrinkage in comparison (see Figure 4.14b).   
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Figure 4.14 – Dilatometry results; (a) LSM82, LSCF6428, LNO214 sintered at 1000˚C, (b) and LNO214 sintered at 1000 and 
1150˚C. A version of this figure is intended for publication [315]. 

4.4.3 XRD reactivity study 

Considerations in the literature indicate that some interactions between La2NiO4+δ  and CeO2-based 

electrolyte phases are expected at high temperature sintering conditions [222,224,227,318,319]. 

Similar behaviour has been reported for LaNi0.6Fe0.4O3-δ [320]. However, effects on higher RP phases 

are less well studied. Interestingly, Choi et al. [230] reported no reaction between GDC and La4Ni3O10-

δ after experiments at 1000˚C. To offer a more comprehensive assessment, a number of experiments 
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were conducted to identify any key reaction product between GDC10 and the electrode materials 

under consideration. An approach of grinding symmetrical cell samples after testing and performing 

XRD analysis did not offer any major insight into any such phases formed during fabrication and/or 

testing. This was largely an expected finding given that any such secondary phases were likely to be 

limited to electrolyte-electrode interfaces and, as such, likely to comprise only of trace quantities. In 

order, therefore, to overcome this and to effectively ‘simulate’ the reaction at the electrode-

electrolyte interface, a series of powder-based experiments were conducted. Materials were mixed in 

a 1:1 mass ratio and then heated under the sintering conditions considered in Section 4.3.4. XRD 

analysis was conducted on the samples before and after the heating process, phase analysis being 

conducted via the PDF database [289] in EVA [290]. The results are summarised in Figure 4.15 to Figure 

4.19. 

In the case of the commercial LSCF6428 sample, no significant reactivity between the electrode phase 

and the GDC10 phase could be identified at either sintering temperature (1000˚C or 1150˚C). This is 

consistent with the literature; indeed, the GDC10 layer is introduced to prevent interactions with YSZ 

electrolytes so this is unsurprising. However, this was not found to be the case for the remaining 

nickelate phases, particularly at the higher sintering temperatures. Indeed, in the case of LNO214, 

there was seen to be the formation of additional phases even at 1000˚C. In that case, the presence of 

LNO327 is observed in addition to a (La,Ce)O2 phase. For the remaining nickelates, there was no major 

secondary phase formation at 1000˚C. However, at the higher sintering temperature condition 

(1150˚C), the reaction between the nickelates and the GDC phase became more apparent. The main 

phenomenon was the migration of lanthanum into the ceria phase, the formation of a La-Ce-O phase, 

and a re-structuring of the nickelate phase through formation of a higher order Ruddlesden-Popper 

phase and/or precipitation of NiO.
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Figure 4.15 – Powder reactivity test; LSCF6428-GDC10 (1:1 mass ratio). (a) XRD scan of powder mixture prior to heat 
treatment, (b) XRD scan of powder mixture #1 after heat treatment at 1000˚C for 4 hours and (c) XRD scan of powder 

mixture #2 after heat treatment at 1150˚C for 4 hours. 
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Figure 4.16 – Powder reactivity test; LNO214-GDC10 (1:1 by mass). (a) XRD scan of powder mixture prior to heat treatment, 
(b) XRD scan of powder mixture #1 after heat treatment at 1000˚C for 4 hours and (c) XRD scan of powder mixture #2 after 

heat treatment at 1150˚C for 4 hours. A version of this figure is intended for publication [315]. 
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Figure 4.17 – Powder reactivity test; LNO327-GDC10 (1:1 mass ratio). (a) XRD scan of powder mixture prior to heat 
treatment, (b) XRD scan of powder mixture #1 after heat treatment at 1000˚C for 4 hours and (c) XRD scan of powder 

mixture #2 after heat treatment at 1150˚C for 4 hours. 
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Figure 4.18 - Powder reactivity test; LNO4310-GDC10 (1:1 mass ratio). (a) XRD scan of powder mixture prior to heat 
treatment, (b) XRD scan of powder mixture #1 after heat treatment at 1000˚C for 4 hours and (c) XRD scan of powder 

mixture #2 after heat treatment at 1150˚C for 4 hours. 
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Figure 4.19 - Powder reactivity test; LNF64-GDC10 (1:1 mass ratio). (a) XRD scan of powder mixture prior to heat treatment, 
(b) XRD scan of powder mixture #1 after heat treatment at 1000˚C for 4 hours and (c) XRD scan of powder mixture #2 after 

heat treatment at 1150˚C for 4 hours. 
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4.4.4 Discussion on the effect of sintering temperature 

Earlier in this chapter it was noted that the sintering temperature had a significant impact on the 

performance of lanthanum nickelates cathodes. The possible reasons for this have been explored, via 

several experimental approaches. Two general observations are apparent; (a) lanthanum nickelate 

materials suffer from inferior sintering behaviour compared with state-of-the art materials, and (b) 

there is some level of reaction between GDC18 and the nickelate phases during high-temperature 

fabrication processes. The improved particle connectivity which was shown to be brought about by 

higher sintering temperatures is likely to improve charge transport behaviour (i.e. by an improvement 

in grain contact). It seems plausible that this is the cause of the improved performance that has been 

observed when higher sintering temperatures are employed. However, at the same time, it is difficult 

to categorically rule out the possibility that the formation of secondary phases could have had a 

positive effect on performance. In the case of La2NiO4+δ for instance, the formation of La3Ni2O7-δ could 

be theorised to promote electronic transport due to the improved19 electronic conductivity of the 

latter phase. The relative extent to which each of these phenomena may improve or hamper the 

performance is difficult to confirm. This issue is identified as a matter for future work and is not 

explored further in this thesis.  

4.5 Discussion on performance 

4.5.1 Summarising the results from this study 

In this chapter a number of different experiments were reported considering the performance of 

lanthanum nickelate electrodes and additionally analysing the role of different factors in symmetrical 

cell studies. For comparison, the data recorded at an operating temperature of 600˚C and 800˚C are 

shown in Figure 4.20. As has already been commented on, the metric by which the electrodes are  

 

                                                           
18 As described in Chapter 2, the lanthanum nickelates are also reactive with YSZ [212,221] 
19 See Appendix B for further data; LNO214 (~10-80 Scm-1 at 800˚C), LNO327 (50-239 Scm-1) 
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Figure 4.20 – Summary of data taken from samples tested in this study; (a, b) Ro values measured at 600˚C and 800˚C, 
respectively, (c,d) Rpol  values measured at 600˚C and 800˚C, respectively (e,f) ZDC values measured at 600˚C and 800˚C, 
respectively. Data shown includes tests conducted under different sintering temperatures and with/without Au contact 

paste. For reference, and to aid with interpretation, an explainer of box and whisker plots is shown in Appendix I.  
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bench-marked has an impact on the conclusions that are drawn from the test results.  The intention 

of Figure 4.20 is to show the variation in performance that is possible with different materials; in some 

cases this is very significant (e.g. LNO214) and in others (e.g. LNF64) the effect is less prominent. These 

are a result of changes to fabrication conditions and testing procedures. As has already been 

discussed, the range of variation is most notable for materials with lower electronic conductivity. 

These materials clearly benefitted from the addition of the Au-CCL and increased sintering 

temperatures.  

The data shown so far highlight that defining a single performance value for electrode materials is very 

difficult (rather a ‘range’ of performances for each material would be more appropriate). To this end, 

we suggest that researchers in this field should be more comprehensive in providing comparisons with 

the state-of-the-art and consider similar ‘sensitivity analyses’ to understand how individual materials 

can be best optimised to compete with LSCF6428. To further supplement the analysis of the data 

recorded in this study attention is now switched to comparisons with literature data.  

4.5.2 Comparisons and comments on literature studies 

Given that many researchers have studied the symmetrical cell performance of lanthanum nickelate 

phases, it is of interest to compare the data obtained from this study with the literature. Figure 4.21 

shows the data from literature (diamond symbols and box plot) against the data recorded in this study 

at 600˚C, 700˚C and 800˚C. As was shown earlier in this chapter, ohmic resistance measurements are 

a function of the electrode phase and, in some instances, this can vary significantly. However, many 

authors argue that this is dominated by electrolyte resistance and simply ignore this contribution; Rpol 

values are typically reported in the literature. As such, comparisons below are restricted to these 

values although it is acknowledged that a more valid assessment may be to compare total resistance 

values (as was done earlier in this chapter). It has already been recognised that large variations in 

performance are achievable via a change in certain fabrication and testing conditions. In particular 

this is shown for LNO214 (both from our study and from the literature data) although it is also notable 
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that this phase has received the most attention from other authors. Importantly, given the very wide 

range of behaviour reported, it is difficult to categorically assign a ‘winning’ material out of the 

selected phases, i.e. the one that offers greatest promise as an alternative to the state-of-the-art LSCF. 

It is notable, however, that many of the studies in the literature employ Pt- based current collection 

materials (e.g. Pt paste). Given the favourable catalytic activity of Pt, it is plausible that this contributes 

to the much better symmetrical cell performance shown in some other work (it was shown earlier that 

the application of Au-paste could have such an effect). As a result of these observations, we highlight 

the need for more comprehensive studies and consideration of multiple factors as performed in the 

experiments reported in this chapter. 

4.6 Conclusions 

In this chapter, a broad study was conducted on symmetrical cell samples comprised of a variety of 

lanthanum nickelate phases, in addition to the state-of-the-art LSCF6428 phase. A number of key 

observations and conclusions were drawn from this work: 

 Generally, the LSCF6428 material was found to offer the more favourable Rpol values and in 

particular offered better performance at lower operating temperatures (TOp=600˚C) than the 

lanthanum nickelate materials. At higher temperatures, and also when considering other test 

parameters (Ro and ZDC) the lanthanum nickelates offered a more competitive impedance 

response. 

 Considering the ohmic resistance of the symmetrical cells, the lanthanum nickelates improved 

in the order LNO214 > LNO327 > LNO4310 > LNF64, consistent with the underlying electronic 

conductivity of these materials. 

 There is a rather significant performance range which can be dictated by fabrication 

conditions (sintering temperatures were observed to influence performance considerably) 

and this can make the materials more viable as alternatives to LSCF6428. The variation in 

performance observed was different across the materials studied, indicating phase-specific 
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effects. For instance, the performance of LNO214 (in terms of Rpol, Ro and ZDC) was greatly 

improved via an increase in sintering temperature whereas, for materials with better 

electronic conductivity (e.g LNF64, LSCF6428), this effect was not as pronounced.  

 Despite the potential for reaction between lanthanum nickelate materials and CeO2-based 

electrolyte phases, higher sintering temperatures (1150˚C) led to better performance with the 

synthesised phases – this is thought to be due to improved electrode morphology, but the 

possibility that the resulting reaction phases offer a beneficial effect on electrical conductivity 

or catalytic performance is not ruled out. 

 The impact of contact paste is shown to greatly influence electrode performance whilst the 

impact on different materials differed to some extent. For instance, the performance of 

LNO214, which is known to have very poor electronic conductivity compared to other 

electrode phases, can be significantly improved by the addition of an Au-CCL. This suggests 

this material could be optimised by combination with an electronic conducting phase such as 

LNF64. 

 Many authors concentrate on the use of Rpol values in defining electrode ‘performance’ but in 

this work it has been shown the Ro behaviour is also influenced by the electrode material and 

a key conclusion is that researchers should also consider these values in the analysis of 

materials. 

From this initial testing work, a number of further research queries are put forward: 

 Are the relationships observed in this chapter (e.g. effect of sintering temperature) also 

observed in single cell testing conditions? 

 As an approach to assessing electrode performance, how well does the symmetrical cell 

testing configuration capture the polarisation performance of electrode materials? 

 Alternatively, do different electrode materials perform differently according to different 

testing approaches?  
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 How can the performance of the lanthanum nickelate phases be further enhanced to rival that 

of state-of-the-art materials?  

 

Figure 4.21 - Comparison of literature data and data from this study; (a) La2NiO4+δ, (b) La3Ni2O7-δ, (c) La4Ni3O10-δ, (d) 
LaNi0.6Fe0.4O3-δ. For reference, and to aid with interpretation, an explainer of box and whisker plots is shown in Appendix I. A 

version of this figure is intended for publication [315]. 
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5 On the performance of lanthanum nickelate electrodes under 

polarisation 
5.1 Overview of chapter 

Following on from the study of symmetrical cell testing described in the previous chapter, the 

following chapter explores the performance of the lanthanum nickelate electrodes under polarisation. 

Prior to this, an analysis of tests conducted on commercial SOFC cells is first described. These cells 

employ a state-of-the-art LSCF cathode. This preliminary work will outline several important 

observations. Firstly, these tests help to identify a bench-mark ‘standard’ which will later be compared 

directly with tests conducted on the La-Ni-O phases. This avoids the complications of comparison with 

other studies (e.g. results reported at Jülich [45]) where differences in performance could be 

influenced by test set-ups and improvements to other cell components (e.g. thinner electrolytes or 

better-performing anode materials and structures). Further, the work here will also describe some 

initial efforts to determine suitable testing parameters for subsequent tests. Notably, this includes 

both a consideration of contact configurations (which was already discussed in Chapter 4) and 

additionally on gas flow conditions. In the latter case, this is shown to be of significance due to the 

repeatability of the results. The optimised testing parameters are subsequently employed for testing 

of the lanthanum nickelates. Thus, a direct comparison between these materials and the commercially 

fabricated electrodes can be made. In the latter part of this chapter an analysis on the relative 

performance metrics is offered and compared with test results from symmetrical cell testing.  

5.2 Bench-Mark Testing with Commercial Single Cells 

SOFC testing is influenced by a number of variables (e.g. gas pressures, fuel leakages, contact 

configuration) [259,281]. These variables offer complications in understanding the performance of the 

various cell components and, more specifically for the case here, of the cathode. As has been 

previously described, there are numerous approaches to cell and electrode testing which are detailed 
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in the literature. Despite several efforts20 to address this, there remains no standardised methodology 

that is universally employed across the many research institutes around the world. Comparisons of 

electrode performance across studies therefore become difficult. Here, an initial consideration on the 

effect of different testing parameters with respect to achieving representative and repeatable results 

is offered. This work relates to the commercial Chino Corporation test bench set-up described in 

Chapter 3. 

5.2.1 Procedural Development 

5.2.1.1 Considerations on contact configuration 

Commonly, so-called ‘contact materials’ (i.e. materials with excellent electronic conductivity) are 

applied between electrodes and their neighbouring current collectors  [302]. This is with a view to 

reducing the contact resistance of the cell and achieving optimum cell performance. Whilst the use of 

precious metals is an undesirable solution at a commercial level (where tailor-designed perovskites 

are more preferable [302]), at lab-scale it is common for such materials to be employed. Following on 

from the work in Chapter 4 to understand the effects of gold contact paste on symmetrical cells, a 

similar assessment is outlined here with respect to single cell testing. To this end, three different 

contact configurations were studied in order to understand which enabled the procurement of good 

quality data and consequently reliable assessment of the electrode materials in question. These 

configurations are summarised in Table 5.1.  

Table 5.1 – Overview of contact configurations tests (NOTE: current collector meshes supplied by Chino Corporation). 

Test Point  Anode Side of Cell Cathode Side of Cell 

1 Ni mesh only Ag mesh only 

2 Au-paste + Ni mesh Au-paste + Ag mesh 

3 Ni mesh only Au-paste + Ag mesh 

 

                                                           
20 This includes the EU-projects FCTESTNET, FCTESQA and SOCTESQA  
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As described by Table 5.1, Au-paste (Fuel Cell Materials) was selected as a supplementary21 contacting 

medium, rather than other materials such as Ag or Pt. This was due to the relative inactivity of Au in 

catalysing the Oxygen Reduction Reaction, when compared with these other materials [321]. As was 

described in Chapter 4, it is relevant to minimise any ‘artificial’ performance-enhancement that may 

be brought about by the presence of other phases (also see reference [322]). Indeed, it was observed 

in Chapter 4 that improvements in contact resistance can disproportionately impact electrodes 

dependent on the underlying material properties. An avoidance of such materials (i.e. Test point 1 in 

Table 5.1) is, therefore, preferable. However, this must also be balanced with the ability to collect 

good quality data. It is worth re-highlighting that real SOFC stacks are likely to deploy electronically-

conductive ceramic contact pastes between the electrodes and current collecting plates (in effect 

replicating the role of the Au-contact paste here). The application of contacting materials, therefore, 

need not necessarily be considered an ‘unrealistic’ approach.  

For all tests described in this chapter, polarisation and EIS tests are reported. For the initial tests shown 

in Table 5.1, cells were tested in dry hydrogen (0.20 Lmin-1) and dry air (0.50 Lmin-1) on the anode and 

cathode sides, respectively. The results of the contact configuration tests are shown in Figure 5.1. As 

a first point of call, the polarisation curves shall be discussed. The iV behaviour of the three contact 

configurations are seen in Figure 5.1a, Figure 5.1c and Figure 5.1e (800, 750 and 700˚C, respectively). 

In each case, the open circuit voltage was observed to be around 1.1 V at an operating temperature 

of 800˚C, indicating the avoidance of any major leakage or electrolyte cracking. In relation to the 

testing set-up and parameter selection employed in this study, it is apparent that the Au-contact paste 

is critical in achieving appreciable current output. It is noted, however, that the application of Au to 

the anode side of the cell appears to offer no significant improvement in this regard. On the contrary, 

the addition of a Au-layer on the fuel electrode was observed to offer a detrimental effect on 

performance (i.e. reduced current density at lower voltages). This is clearly appreciated in Figure 5.1 

                                                           
21 Ag- and Ni-mesh are additionally employed on the cathode and anode sides of the cell, respectively (as per 
the rig supplier instructions). 
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via a comparison of test points 2 and 3. This behaviour has been found to be a repeatable observation 

in follow-up tests. It is probable that this loss of performance was a result of a diffusion-based 

limitation, i.e. the Au paste on the anode side blocking the gas flow. Indeed, via comparison of the 

polarisation curves at 800˚C (see Figure 5.1a) the performance of the cell with Au paste on both 

electrodes increasingly diverges from that of test point 2 as current is drawn from the cell. Further, it 

appears that this cell begins to enter into a ‘mass-flow limiting’ regime between 0.5-0.6 Acm-2, 

suggesting the onset of  a diffusion-related limitation. In any case, it is apparent from the test results 

that the contact issue is largely associated with a high contact resistance between the Ag contact mesh 

and the underlying cathode and not in relation to the Ni-on-Ni contact on the fuel side of the cell. 

With respect to the impedance results from these initial tests (Figure 5.1b, Figure 5.1d, Figure 5.1f), 

several key observations are apparent. Generally speaking, the shape and magnitude of the 

impedance responses taken for the three cells is very similar. However, the EIS spectra taken from the 

configuration without contact paste (test point 1) is seen to be translated along the x-axis (Z’) relative 

to the other cell tests. This confirms the anticipated increase in the ohmic resistance of that assembly 

in relation to the others. The effect is further summarised in Figure 5.2a. It becomes evident that the 

addition of the contact paste on the anode side of the cell offers a marginal improvement with regards 

to the measured Ro values. Equally, the polarisation performance (Rpol) measured around the OCV 

condition is shown to be almost identical between test points 2 and 3. However, it has already been 

observed in the polarisation curves, that this behaviour does not translate to better (or even equal) 

performance under polarisation. Again, this indicates rate-limiting behaviour as the fuel is consumed. 

Another notable observation with respect to the case where no contact paste is employed is the 

presence of some noise. This presents challenges with respect to analysing the data (i.e. conducting 

EIS modelling of the spectra). Based on the evidence and observations collected from these initial cell 

tests, the remaining tests in this chapter will employ the use of Au-contact paste on the oxygen 

electrode only, in addition with Ni and Ag contacting meshes on each side (Table 5.1). As was detailed 
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in Chapter 4, this is likely to offer greater benefit to certain materials (i.e. those with inferior electronic 

conductivity).  

 

Figure 5.1 - Effect of contact configuration (i.e. use of Au contact paste) on cell performance; Effect of contact configuration 
on polarisation curves at (a) 800˚C, (b) 750˚C, (c) 700˚C and effect on the EIS spectra recorded at (d) 800˚C, (e) 750˚C and (f) 

700˚C. 
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Figure 5.2 - Summary on the effects of contact paste on (a) ohmic resistance, Ro, and (b) polarisation resistance, Rpol, as 
measured from the EIS spectra taken at ‘OCV-0.05V’ condition. 

5.2.1.2 The role of humidity in repeatable single cell testing 

In order to understand the repeatability of the single-cell testing set-up (described in Chapter 3) and 

to ensure suitable comparisons can be drawn between tests, the performance of three identical 

commercial cells was compared under various conditions, i.e. different gas flow conditions and 
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operating temperatures. Both polarisation and EIS measurements were performed in order to develop 

an understanding of the behaviours seen.  

In Figure 5.3a and Figure 5.3b, the performance of three commercial cells (Aactive=16 cm2) in dry H2 is 

compared. It is apparent that there is a significant discrepancy between the impedance spectra 

measured at OCV (Figure 5.3a), despite the apparently identical nature of these three test points. This 

observation appears to present a significant issue with respect to assessing and comparing the relative 

performance of cells against one another. Moreover, and in the context of this thesis, this represents 

a barrier to comparing the performance of different electrode materials. Conveniently, however, this 

issue can be alleviated via the introduction of water in the fuel stream (i.e. the humidification of the 

hydrogen).  The effect of hydrogen humidification can be appreciated in Figure 5.3c and Figure 5.3d.  

 

Figure 5.3 – (a, b) Repeatability test at 800˚C using dry hydrogen (c, d) effect of fuel humidity on impedance and i-V curves 
of a cell [H2=0.2 Lmin-1, Air=0.5 Lmin-1 , TOp=800˚C]. 
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To alter the working p(H2O)Fuel, a temperature-controlled water tank was employed. The ability to 

change the temperature of the tank offered control over the fuel condition regardless of atmospheric 

conditions (effectively setting a defined equilibrium water vapour pressure across all tests). By 

increasing the temperature of the bubbler, the quantity of water contained within the fuel stream 

could be increased. The resulting effect was a reduction in the open circuit voltage. Moreover, this led 

to a reduction of the “tail” at low current densities as displayed in the inset of Figure 5.3d. The effect 

is associated with a Nernstian effect (for the sake of discussion, this will be described here as a 

“Nernstian tail”). This can be further considered by an analysis of the Nernst equation: 

𝐸 = 𝐸𝑜 +  
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑝(𝐻2). 𝑝(𝑂2)
1
2

𝑝(𝐻2𝑂)
 (𝐸𝑞. 5.1) 

From Eq. 5.1 it is apparent that the use of dry hydrogen (on the anode side of the cell) leads to an 

increase in the cell voltage, theoretically to ‘infinity’. The oxidation of hydrogen at the anode side of 

the SOFC leads to the formation of water. It can be anticipated therefore that, as the HOR proceeds 

and current is drawn from the cell, a drop in cell voltage is anticipated. When the cell is operated on 

dry hydrogen, therefore, a small increase in the water content of the gas stream can be anticipated to 

lead to a sizeable change in the voltage at low currents. As a result, the exponential decrease in voltage 

(towards the left hand side of the polarisation curve) can be anticipated. Similar effects are also 

described by Klotz and Weber [259]. However, in isolation the phenomena described thus far fail to 

explain the variability in the testing results for apparently identical cells (Figure 5.3a-b). To understand 

this further, a consideration of the real-life SOFC testing set-up is required and more specifically a 

consideration of the cell sealing and gas partial pressures. Imperfections in sealing (which are 

described in [259] as “unavoidable”) can lead to small hydrogen leakages which, when combined with 

air at SOFC operating temperatures, lead to auto-combustion and, hence, the formation of water. This 

may also occur due to imperfections in the electrolyte substrate. In turn, this could allow fuel ‘cross-

over’ and direct combustion of the hydrogen. As has already been described, the presence of water 

can lead to a reduction in cell voltage due to Nernstian effects. Any natural variation in sealing (and, 
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therefore, any variation in the partial pressure of water) can be anticipated to lead to variable degrees 

of the aforementioned effect. To further understand how this impacts on the impedance response of 

a cell, consider that the ZDC (or “ASR”) of a cell can be represented by the gradient of the polarisation 

curve [281] (i.e. ΔV/Δi), in addition to its relationship with the impedance spectra. The previously 

described effect (i.e. the Nernstian tail) notably leads to an enlarged gradient (and hence an increased 

ZDC value) at OCV. Indeed, this matches very well with that observed on the impedance spectra (i.e. 

the steeper the curve at OCV, the larger the corresponding impedance response of the given cell - as 

shown in Figure 5.3c-d).  

The variation in fuel gas partial pressures offers a sizeable effect which is exposed when comparing 

the EIS responses at OCV. This has obvious implications when later comparing EIS results of different 

cell materials. In an attempt to demonstrate the impact that humidification has on experimental 

repeatability, the performance of three commercial cells is compared under humidified hydrogen 

(Figure 5.4). With the humidification temperature set at 35˚C it was observed that each cell provided 

a very similar performance at OCV (i.e. considering both the iV curve in the inset of Figure 5.4a and 

the impedance spectra in Figure 5.4b). The increase in the starting p(H2O)Fuel corresponded to a 

flattening of the IV curve around the OCV point and a smaller (and more consistent) impedance 

spectrum. In summary, this can be further understood by the fact that any corresponding increase in 

H2O leads to a relatively smaller percentage increase in p(H2O)Fuel than when dry hydrogen is 

employed.  
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Figure 5.4 - Comparison of three commercial SOFC cell tests using dry and humidified hydrogen (0.5 Lmin-1); effect of 
humidification on (a) the polarisation curve at 800˚C and (b) the OCV impedance responses at 800˚C. 
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Further understanding of this effect can also be gleaned via a simple modelling approach using the 

Nernst equation (eq. 5.1). Applying this equation to calculate cell voltage (and ignoring other losses 

such as activation, ohmic or mass flow losses) the effect of increasing the initial water content of the 

fuel can be readily observed (Figure 5.5). In all cases, water concentration in the anode compartment 

increases as the current density of the cell increases. By itself, this leads to a reduction in the cell 

voltage. However, it is only in the case where the initial water content in the fuel is low (<3vol%) that 

the issue of the Nernstian tail becomes evident.  

 

Figure 5.5 –Modelling the effect of humidifying hydrogen on the resulting current-voltage profile. Assumed conditions 
(TOp=800˚C, p(O2)=0.21 bar). 

From the work described in this section, an appropriate set of conditions to conduct further testing 

has been identified. The use of a temperature-controlled humidifier (Tbubb=35˚C) enables a humidified 

gas stream (H2=0.5 Lmin-1) of sufficient consistency to achieve consistent results at SOFC operating 

conditions (700 to 800˚C). It was noted that setting the bubbler at higher temperature led to increased 

water concentration in the fuel but difficulties were also observed in maintaining voltage stability 
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under these conditions. This is likely a result of condensation forming within the pipelines, causing 

pressure fluctuations in the system. Table 5.2 summarises the conditions selected for the testing of 

single cells in the remaining tests described in this chapter.  

Table 5.2 – Testing parameters employed to achieve repeatable results for bench-mark tests. 

Anode Flow External 
Bubbler 

Temp (Fuel 
Side) 

Cathode Flow Operating 
Temp 

Anode 
Contact 
config. 

Cathode 
contact 
config. 

0.5 Lmin-1  
(H2) 

35˚C 0.5 Lmin-1 
(Air) 

700 to 800˚C Ni mesh Ag mesh and 
Au contact 

paste 

 

5.2.2 Bench-mark metrics for LSCF-containing Commercial Cells 

With appropriate testing parameters now identified, it is possible to quantify a ‘bench-mark standard’. 

In effect, this standard represents the performance-level that is achievable with the typical ‘state-of-

the-art’ SOFC cells that are available on the commercial market. More specifically, it identifies the 

performance that is found to be readily achievable in the aforementioned testing configuration. This 

bench-mark takes on a new level of significance in subsequent sections where comparisons are drawn 

with the cathode materials, i.e. the La-Ni-O phases discussed in this thesis. Notably, such analysis may 

be based on metrics taken from either EIS or polarisation experiments. Indeed, the use of these 

metrics is common from within the literature and both will be considered here. Further, an analysis 

and discussion against the findings from Chapter 4 will also be offered. The polarisation curves and EIS 

spectra taken from three commercial cells are shown in Figure 5.6.  A selection of bench-marks are 

identified for EIS measurements and polarisation curves in Table 5.3 and Table 5.4, respectively.  
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Figure 5.6 - Polarisation and EIS performance of three commercial cells (SOFCMan) containing LSCF cathodes; (a, c, d) 
polarisation curves, (b, d, e) EIS measurements conducted at OCV, (g, h) comparison of cells at an operating temperature of 

800˚C. 
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Table 5.3 – EIS metrics for commercial cells tested at 800˚C OCV in accordance with conditions shown in Table 5.2 

  EIS Metrics [Ωcm2]  

 ZDC  Ro Rpol 

Comm-Cell 1 0.72 0.05 0.67 

Comm-Cell 2 0.69 0.07 0.62 

Comm-Cell 3 0.75 0.06 0.69 

Mean 0.72 0.06 0.66 

Std Dev 0.03 0.01 0.04 

 

Table 5.4 – Metrics taken from polarisation curves conducted on commercial cells at TOp = 800˚C 

 Current Density at various voltages (Acm-2) 

 i1V i0.9V i0.8V i0.7V i0.6V 

Comm-Cell 1 0.10 0.37 0.62 0.80 0.93 

Comm-Cell 2 0.14 0.43 0.69 0.86 0.97 

Comm-Cell 3 0.15 0.41 0.63 0.79 0.91 

Mean 0.13 0.40 0.65 0.82 0.94 

Std Dev 0.026 0.031 0.038 0.038 0.031 

   

5.3 Assessing the performance of the La-Ni-O phases 

With the achievable performance of commercial electrodes identified, it is now possible to develop a 

comparative understanding on the performance of lanthanum nickelate electrodes under 

polarisation. 16 cm2 electrodes were applied to 25 cm2 commercial half-cell substrates (Ni | Ni-YSZ | 

YSZ | GDC), procured from SOFCMan (as described in Chapter 3). This was with a view to minimising 

the potential impact of the remaining cell components on the performance variations observed (i.e. 

the avoidance/minimisation of variability that could conceivably originate from small-scale fabrication 

techniques). As a consequence, any resulting change in performance can be more reliably associated 

with the cathode material itself. For completeness, this methodology was also employed with a 

commercial LSCF powder (Praxair). The results of this test are shown in Figure 5.7. An enhancement 

in the maximum current density output was observed relative to the benchmark study with 
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commercial LSCF cells (see Figure 5.7a and Figure 5.7c). This highlights the impact of different starting 

materials and fabrication conditions in the performance of a cathode. These differences are 

acknowledged here and will be considered again later, in the context of the other cathode materials. 

For analysis of the EIS measurements (Figure 5.7b), DRT analysis was performed (Figure 5.7e) to 

identify a suitable equivalent circuit model22 for modelling processes (the model is shown in the inset 

of the figure). Polarisation and ohmic resistance values were then determined from non-linear least 

squares fitting in ZView. The results are summarised against those of the commercial cells in Figure 

5.7f. The same approach is applied to the other materials explored in the coming sections. 

5.3.1 Lanthanum nickelate cathodes 

For the tests conducted on lanthanum nickelate electrodes (La2NiO4+δ, La3Ni2O7-δ, La4Ni3O10-δ, 

LaNi0.6Fe0.4O3-δ), cells were prepared using different cathode sintering temperatures. This reflects the 

corresponding study on symmetrical cell performance detailed in Chapter 4. The samples prepared 

are summarised in Table 5.5 and a selection of results are presented in Figure 5.8 to Figure 5.11. A 

comprehensive collection of data can be seen in Appendix G.  As was the case for the tests conducted 

on the commercial cells, the conditions and contact configuration noted in Table 5.2 were maintained 

in order to ensure a consistent protocol was followed.  

Table 5.5 – Overview of single cell test samples prepared for testing. 

 

Phase 

Electrode Sintering Temperature 

1000˚C 1050˚C 1100˚C 1150˚C 

La2NiO4+δ     

La3Ni2O7-δ  -   

La4Ni3O10-δ  -   

LaNi0.6Fe0.4O3-δ     

LSCF-Praxair  - - - 

                                                           
22 Each peak shown in the DRT spectra shown is matched to an RQ element in the equivalent circuit for the 
modelling process. This is discussed further, later in this chapter. As will also be mentioned, DRT analysis in this 
thesis has been restricted due to difficulties in identifying the source of the different contributions/modelling 
elements, as is a typical approach (see Figure G.6 and Figure G.7 in Appendix G). 
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Figure 5.7 - Performance of a commercial LSCF6428 sample deposited onto a commercial half-cell; (a) polarisation curves 
and (b) EIS spectra recorded at 700, 750 and 800˚C, (c) iV and (d) EIS comparison with the best-performing commercial cell 

(TOp=800˚C), (e) DRT spectrum (and resulting equivalent circuit model shown, inset) and (f)) performance comparison 
against full commercial cells (based on EIS measurements). 
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Figure 5.8 - Performance of La2NiO4+δ (LNO214) in single cell testing configuration. (a) Polarisation curves taken at 800, 750 
and 700˚C for LNO214 electrode sintered at 1150˚C, (b) Effect of increasing sintering temperature on the observed 

polarisation curves recorded at 800˚C. (c) EIS spectra recorded at 800, 750 and 700˚C for LNO214 electrode sintered at 
1150˚C, (d) effect of sintering temperature on EIS spectra recorded at 800˚C. (e) An example of DRT analysis performed on 

OCV-EIS measurements (LNO214-1150˚C) with the resulting equivalent circuit shown (inset) and (f) a comparison on 
modelled Rpol and Ro values for each electrode (and the effect of sintering temperature). A version of this figure is intended 

for publication [315]. 
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Figure 5.9 - Performance of La3Ni2O7-δ (LNO327) in single cell testing configuration. (a) Polarisation curves taken at 800, 750 
and 700˚C for LNO327 electrode sintered at 1150˚C, (b) Effect of increasing sintering temperature on the observed 

polarisation curves recorded at 800˚C. (c) EIS spectra recorded at 800, 750 and 700˚C for LNO327 electrode sintered at 
1150˚C, (d) effect of sintering temperature on EIS spectra recorded at 800˚C. (e) An example of DRT analysis performed on 

OCV-EIS measurements (LNO327-1150˚C) with the resulting equivalent circuit shown (inset) and (f) a comparison on 
modelled Rpol and Ro values for each electrode (and the effect of sintering temperature). 
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Figure 5.10 - Performance of La4Ni3O10-δ (LNO4310) in single cell testing configuration. (a) Polarisation curves taken at 800, 
750 and 700˚C for LNO4310 electrode sintered at 1150˚C, (b) Effect of increasing sintering temperature on the observed 
polarisation curves recorded at 800˚C. (c) EIS spectra recorded at 800, 750 and 700˚C for LNO4310 electrode sintered at 

1150˚C, (d) effect of sintering temperature on EIS spectra recorded at 800˚C. (e) An example of DRT analysis performed on 
OCV-EIS measurements (LNO4310-1150˚C) with the resulting equivalent circuit shown (inset) and (f) a comparison on 

modelled Rpol and Ro values for each electrode (and the effect of sintering temperature). 
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Figure 5.11 - Performance of LaNi0.6Fe0.4O3-δ (LNF64) in single cell testing configuration. (a) Polarisation curves taken at 800, 
750 and 700˚C for LNF64 electrode sintered at 1150˚C, (b) Effect of increasing sintering temperature on the observed 
polarisation curves recorded at 800 ˚C. (c) EIS spectra recorded at 800, 750 and 700˚C for LNF64 electrode sintered at 

1150˚C, (d) effect of sintering temperature on EIS spectra recorded at 800˚C. (e) An example of DRT analysis performed on 
OCV-EIS measurements (LNF64-1150˚C) with the resulting equivalent circuit shown (inset) and (f) a comparison on modelled 

Rpol and Ro values for each electrode (and the effect of sintering temperature). 
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5.3.2 Analysis and Discussion 

5.3.2.1 Polarisation Curves 

Polarisation curves are shown in the (a) and (b) components of Figure 5.8 to Figure 5.11. In (a), an 

example (TSint = 1150˚C) of curves taken at 700, 750 and 800˚C is shown for each material. It is noted 

that the overall current densities that are achieved with the lanthanum nickelates are generally below 

those of LSCF (more in-depth comparisons are offered shortly). One striking feature about the 

polarisation curves is their general shape/profile; some materials (LNO327 and LNO4310) 

demonstrate very large activation losses at low current densities, suggesting very poor electrode 

behaviours. This is characteristic of the phase studied and is found to be consistent at different 

sintering temperatures (see (b) in the case of each figure). A comparison between a selection of these 

curves is shown in Figure 5.12. The relative performance of these cells is dependent on the operating 

voltage and temperature. In the ‘activation region’ (i.e. 1.1-1.0 V) some varied behaviours can be 

viewed. In the case of LNO327, and LNO4310 there is seen to be a sudden drop off in voltage at low 

current densities (i.e. a large initial activation loss). To a lesser extent, this is also seen for LNF64 – a 

similar activation behaviour is seen in work by other research groups considering this phase [323,324]. 

In the case of La2NiO4+δ, however, a more linear polarisation curve is apparent (i.e. much lower 

activation losses). Similar behaviour can be appreciated in the literature [236,268]. In the lower 

voltage region (0.7 to 0.6 V), LNO214 demonstrates larger losses (i.e. a larger ASR or ZDC) compared 

with the LNF64 phase. It seems likely that this relates to the underlying material properties of these 

phases. For instance, in the case of LNO214, which possesses excellent oxygen exchange and transport 

properties [208], impressive performance at high-to-intermediate voltages is noted. This likely 

suggests facile oxygen exchange kinetics. LNF64, on the other hand, offers the best performance at 

lower operating voltages where ohmic losses are likely more prominent and hence the excellent 

electronic conductivity of this phase (e.g. [198,325]) becomes of greater significance. These 

observations indicate that these two materials appear to show somewhat complimentary behaviour. 

With the exception of perhaps the LSCF-Praxair electrode (around 0.65 V), it does not appear that any 
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of the cells enter into a transport-limiting regime within the studied voltage range. This is a result of 

the poorer reaction kinetics of the lanthanum nickelates. 

 

Figure 5.12 - Comparison of polarisation curves recorded for the different cathode materials as obtained at (a) 800˚C and 
(b) 700˚C. It can be noted that the OCV of the LSCF-Praxair cell is below that of the other cells; this is likely a result of 

greater hydrogen leakage for this cell (e.g. from sealing or micro-cracks in the electrolyte) in comparison with the other 
tested cells. Regardless of this, the LSCF-Praxair cell shows the most superior performance of all the shown cells and similar 

to that of the full commercial LSCF-cells discussed previously. 
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5.3.2.2 Observations on the effects of sintering temperature 

The effect of sintering temperature on the polarisation curves is shown in the (b) component of Figure 

5.8 to Figure 5.11. The curves are generally seen to be translated upwards with higher sintering 

temperatures (i.e. more favourable current output is achieved).  In some cases, the effect is shown to 

be profound; a seemingly dramatic increase in the achievable current output is observed (see Figure 

5.13). This is largely supportive of the findings from the symmetrical cell testing (i.e. improved 

adhesion and particle coalescence leading to better electrode performance). In the case of La3Ni2O7-δ, 

the improvement is shown to be very minimal. Indeed, the performances of the n=2 and n=3 phases 

(in terms of current output) are generally poor when compared to La2NiO4+δ and LaNi0.6Fe0.4O3-δ. 

Moreover, the former materials fall well short of the LSCF bench-mark. The latter two nickelates, 

however, are shown to offer comparable performance when electrodes are fabricated at higher 

temperatures. However, as is shown in Figure 5.12, this ‘competitiveness’ with LSCF increasingly 

diminishes as the operating temperature is reduced.  

 

Figure 5.13 – Effect of sintering temperature on the current density at 0.7 V for different phases 

The effect of sintering temperature on the EIS performance of each of the materials can be further 

seen in Figure 5.8 to Figure 5.11 (d and f). A corresponding shrinkage of the EIS curves is also seen, 

indicating improved species conversion around OCV (i.e. low activation losses, as was also indicated 
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by the symmetrical cell tests described in Chapter 4). As previously mentioned, and as was discussed 

in Chapter 4, these effects are likely a result of the improved electrode morphology and the associated 

improvement in charge transfer. Further to the evidence described in Chapter 4, it has also been noted 

in these tests that at lower sintering temperatures (TSint=1000˚C) a complete de-lamination of the 

electrode was seen during tear-down (see Figure 5.14a and Figure 5.15b). This would appear to be a 

consequence of a strengthened adhesion between the Ag-mesh and the electrode. Effectively, the 

disassembly of the cell set-up caused a shearing effect that de-laminated the electrode. At higher 

sintering temperatures this issue was significantly reduced (Figure 5.14b). These observations would 

appear to demonstrate the improvement in adhesion between the electrode and electrolyte that is 

achieved at the higher sintering temperatures. In contrast, the LSCF cathode sintered at 1000˚C was 

found to retain its integrity upon cell-teardown (Figure 5.14c and Figure 5.15a) despite the cell itself 

cracking on disassembly. Again, this would suggest that higher sintering temperatures are necessary 

for the lanthanum nickelate phases even though there is likely to be some reaction (however limited) 

with the GDC layer at such temperatures.  

It is notable that many authors [212,227,237,240,301,326] prefer to employ lower sintering 

temperatures (~1000˚C) when fabricating lanthanum nickelate electrodes. Partly, this is a means to 

avoid major reactions with the underlying electrolyte. Indeed, several researchers have attempted to  

develop novel methods of lower-temperature fabrication routes [327,328]. Whilst powder-reaction 

testing detailed in Chapter 4 confirmed the reactivity between GDC and La-Ni-O electrodes, this has 

not been observed to lead to a worsening of electrode performance in the majority of cases. Or, at 

the very least, the benefits of improved particle connectivity and electrode adhesion far outweigh any 

negative impacts that may result from interactions. Of course, the optimised sintering temperature 

may be anticipated to change dependent on particle size (amongst other factors). Nevertheless, care 

should be taken with the assumption that high temperature sintering regimes should always be 

avoided with these phases as performance can be significantly improved in at least some cases (Figure 

5.13). 
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Figure 5.14 – Images taken of SOFC cells on tear-down; (a) LNF64-1000˚C, (b) LNF64-1150˚C and (c) LSCF-1000˚C. 

(a) LNF64 (TSint = 1000˚C) (b) LNF64 (TSint = 1150˚C) 

De-laminated 

electrode on Ag mesh Intact Ag-

current 

collector, 

electrode & 

substrate 

Half-cell 

substrate 

(c) LSCF (TSint = 1000˚C) 

LSCF electrode remains 

adhered after tear-down  
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5.3.2.3 EIS observations and comparing material performance 

The EIS behaviour of the electrodes studied in this chapter show a sizeable level of variation. In each 

instance, the EIS spectra appear to be comprised of two arcs or ‘contributions’ (one at high-medium 

frequency and a second towards a lower frequency range). In fact, the more in-focus EIS literature 

[329,330] indicates that these spectra are more likely comprised of around 5 separate contributions 

associated with the anode and cathode. Indeed, the DRT measurements (see Figure 5.8e to Figure 

Figure 5.15 – Post-test SEM images of (a, top) in-tact LSCF cathode (TSint=1000˚C) and (b, bottom) the La-
nickelate cathode (TSint = 1000˚C) was found to be completely delaminated, leaving the GDC layer. 

(b) 

(a) YSZ GDC LSCF 

YSZ GDC Epoxy 
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5.11e) indicate a similar finding where 4 to 5 peaks can be seen in each instance. It is generally agreed 

that each ‘peak’ in the DRT spectrum corresponds to an individual electrode process (which has been 

modelled here using an RQ element; the resulting equivalent circuits are shown in the inset of Figure 

5.8e to Figure 5.11e). Unfortunately attempts at further identifying these components by modelling 

measurements under a range of  gas compositions and temperatures was unsuccessful23 (see 

Appendix G for these data). The modelled processes cannot, therefore, be reliably assigned to specific 

components to allow for further insight.  As a result of this, a focus must be placed on the total cell 

polarisation resistance. Overall, this would appear to be an acceptable approach given that the anode 

contribution can be considered to be the same in each case (i.e. commercial electrode tested under 

same conditions).  

Figure 5.16a shows a summary of the measured polarisation resistance values for each  

electrode material, across various sintering temperatures. Figure 5.16b summarises the achievable 

current density at an operating voltage of 0.7 V (i0.7V). By both measures, the data available here 

suggests that lanthanum nickelate performance is below that of the state-of-the-art LSCF. This is 

largely consistent with observations from literature (see Chapter 2). LNF64, which can be considered 

to be one of the better performing materials in terms of the achievable current output (Figure 5.16b), 

shows a comparably large polarisation resistance (Rpol) at OCV. La3Ni2O7-δ, on the other hand, shows 

the inverse behaviour. Importantly, therefore, the manner in which a material is categorised as a 

‘strong performer’ is heavily dependent on the metric under consideration.  These observations open 

an interesting avenue of discussion in relation to the correlation between electrodes that show good 

‘polarisation resistance’ (Rpol) and those that demonstrate suitable current output. This will be 

discussed in further detail later.   

                                                           
23 In the approach trialled, systematically changing the fuel and oxidant partial pressure was intended to 
identify the processes that were influenced by which variables (and thus identify which processes could be 
associated with which electrode) – this is in accordance with similar approaches applied in the literature. 
However, as is shown in Appendix G, the relationships between the processes and the gas pressures were 
ambiguous. As such, no further analysis was possible.   
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Figure 5.16 – Summary of (a) Rpol values measured from single cell tests (various sintering temperatures) and (b) i0.7V values 
measured from single cell tests (various sintering temperatures). 
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5.3.2.4 Comparing single cell test data with symmetrical cell testing data     

Having now considered EIS measurements for a number of materials under both single cell (this 

chapter) and symmetrical cell (Chapter 4) conditions, it is possible to consider how well the results 

from these respective experiments correlate. Importantly, the Rpol values are not anticipated to be 

identical given the different cell configurations (i.e. the single cell measurements also contain an 

anode contribution). However, given that the anode contribution should be the same in each case, 

these values should remain relatable. A comparison between the polarisation resistance 

measurements taken from these experiments is shown in Figure 5.17. The displayed data are limited 

to those test points where Au-contact paste has been applied to the electrodes to ensure a ‘like-for-

like’ comparison. Generally, a correlation is observed between these metrics. This appears to support 

the notion that the symmetrical cell testing approach suitably represents the EIS behaviour of these 

electrodes at OCV in the single cell configuration (i.e. the ‘real-life’ configuration). The overall 

relevance of these measurements is now discussed. 

 

Figure 5.17 - Comparison of polarisation resistances measured in symmetrical cell and single cell testing configurations 
(Note: comparisons are only drawn with those electrodes where Au-contact paste is applied). 
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5.3.2.5 Comments on testing methodology: EIS vs current-voltage curves 

As has been mentioned, there are some discrepancies with respect to the conclusions that might be 

drawn from EIS measurements and those drawn from polarisation experiments. A common 

perception might be that those materials that ‘perform well’ in the first experiment, do so in the 

second. Indeed, as has already been mentioned, a number of studies in the literature were found to 

focus solely on EIS results from symmetrical cell testing when assessing electrode or material 

performance. There is also a prominence for review papers to reference Rpol values, often taken from 

symmetrical cell tests, as a ‘measure of success’ [331,332]. In effect, such an approach assumes these 

results correlate with current output in single cell configurations. But how appropriate is this 

assumption? Certainly, this correlation might be expected if the iV curves were perfectly linear in all 

cases (i.e. if ΔV/Δi is constant). However, the non-linearity of iV curves when certain electrode 

materials are employed has already been noted. A comparison between the inverse of the polarisation 

resistances (1/R) measured at OCV in the single cell testing configuration and the measured values of 

current density at 0.7 V (i0.7V) is seen in Figure 5.18b. This data covers many operating temperatures, 

electrode materials and sintering temperatures. The general trend observed is that lower polarisation 

resistances typically lead to higher measured current densities. However, this is by no means a ‘hard-

and-fast’ rule across the various materials (compare the data points of LNF64 and those of LNO327 as 

an example of this). The trend between (1/Rpol) values measured at OCV and the current values 

recorded at 1 V (Figure 5.18a) offers an improved linear24 relationship as demonstrated by the R2 

values shown in the figures. That is to say that those materials that show low polarisation resistances 

at OCV also typically show the larger current densities around 1 V. Given that the i1V measurement is 

closer to the condition under which the EIS spectra are measured, this is perhaps not surprising. 

However, this observation does highlight the difficulty of drawing certain conclusions about the 

                                                           
24 The linear relationship of the plots alludes to Ohm’s law (V=IR) 
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performance of a given electrode material in the lower voltage region, based on EIS results recorded 

at OCV.  

 

Figure 5.18 - Comparison of measured current density at (a) 1 V and (b) 0.7 V vs the inverse of polarisation resistance 
measured at open circuit (single cell configuration) across various cells and operating temperatures. 
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The aforementioned discussion has shown some difficulties in interpreting the various experimental 

results from a collection of different electrodes. The breadth of materials studied in this thesis, which 

show a great variety of properties, exposes this issue (as opposed to common literature studies 

looking at (a) fewer materials, (b) materials with similar properties, or (c) a series of materials with 

more subtle changes such as doping concentration). This observation can be understood by further 

study of the polarisation curves. The larger EIS spectra values belong to those materials that possess 

large activation losses (i.e. those that show steep gradients, ΔV/Δi, on the polarisation curves around 

OCV). Indeed, the gradient at a specific point along the iV curve (e.g. at a given operating voltage) is 

another approach to calculating ASR values described within the literature [281]. However, these EIS 

spectra do not account for, or predict, the ‘flattening’ of the iV curve that is observed with some 

materials. Most prominently it is seen in the case of the LNF64 electrode, i.e. the material with the 

best electrical conductivity. The manner in which LNF64 eventually ‘catches up’ with the performance 

of LNO214 in this low voltage region is most likely a result of the increasing ohmic losses in this region 

and the increasing role of facile electron transport. In that case, therefore, it seems that the EIS 

measurements at OCV effectively “under-value” the importance of electronic conductivity in achieving 

a truly well-performing cathode material. An alternative theory in this regard, is that the reduction of 

oxygen in the cathode chamber (as it is consumed and the polarisation curve proceeds to the right) 

could lead to changes in the phase stoichiometry. In other words, such a condition could lead to an 

increase in oxygen vacancies and consequently lead to an improvement in oxygen transport at the 

higher current densities. Considering this further, this effect could be anticipated to be dependent on 

the material itself. For example, LNF64, LNO327 and LNO4310 are oxygen deficient materials, relying 

on oxygen vacancies to transport oxygen through their crystal structure. In such cases, a reduction in 

the partial pressure of oxygen and a corresponding increase in oxygen vacancies would be anticipated 

to increase oxygen transport (or, at least, lead to an increase in electron holes due to charge 

compensation) and thus improve electrode performance. Indeed, Sereda et al. [333] have shown the 

increase in the electrical conductivity of LN64 when oxygen pressure is reduced. In the case of LNO214, 
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possessing an oxygen surplus, a reduction in oxygen partial pressure and a loss of oxygen interstitials 

could be anticipated to lead to a loss in the oxygen transport behaviours. This could thus then lead to 

a relative loss in electrode performance (relative to the case where the oxygen pressure was higher 

(e.g. at the OCV condition). Indeed, the strong influence of oxygen partial pressure on the oxygen 

stoichiometry and conductivity of LNO214 can be seen in work by Song et al. [208]; both are shown to 

increase in oxygen-rich atmospheres. It is interesting however, to consider that in that particular 

study, whilst the oxygen content of the LNO327 and LNO4310 phase reduces with a decreasing oxygen 

pressure (as expected), the electrical conductivity also slightly reduces (for the aforementioned 

reasons it might be anticipated to increase with increasing oxygen vacancy content of these phases). 

Regardless of the cause of the different behaviours shown in Figure 5.12, it should be noted that the 

behaviour at lower voltage can only be appreciated in the polarisation tests (i.e. symmetrical testing 

does not offer this insight). 

For those electrodes sintered at 1150˚C, further EIS measurements were taken at different operating 

voltages, effectively exploring performance along the iV curve. The results are shown in Figure 5.19. 

Observations supporting the previous discussion points can be drawn. Notably, the EIS spectra show 

that the cells perform differently (with respect to Rpol values) at different operating voltages. 

Interestingly, in the case of LNF64 and LNO214, there is seen to be an increase in Rpol values at an 

operating voltage of 0.6 V (relative to that taken at 0.8 V). This can be explained by consideration of 

the change in gas conditions as the cell is biased towards lower voltages/higher current densities. This 

is possibly a result of the reduced quantities of reactant species at these higher current densities. 

Notably, La3Ni2O7-δ and La4Ni3O10-δ do not observe similar increases in Rpol at 0.6 V. Referring back to 

Figure 5.9a and Figure 5.10a, of course, offers a reminder that at this condition, the current density 

remains relatively low for these materials and hence H2-depletion and/or O2 reduction is lessened. 

This highlights a key issue with conducting EIS measurements at different operating voltages. That is 

to say that the different iV characteristics lead to different conditions within the cell components 

which will heavily influence the resulting EIS spectra. As discussed previously, such a change in gas 
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conditions could also lead to a change in phase stoichiometry which could also influence performance. 

This effect is also not ruled out here.  

 

Figure 5.19 - EIS measurements taken at 700˚C with various operating voltages for (a) La2NiO4+δ, (b) La3Ni2O7-δ, (c) 
La4Ni3O10-δ, (d) LaNi0.6Fe0.4O3-δ and (e) a summary of Rpol values against operating voltage for these materials.   
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At this stage, a rather controversial question can be asked in relation to the relevance of EIS 

measurements at OCV (symmetrical cell or single cell configuration). Ultimately, the main metric of 

interest for an SOFC is the current output. EIS measurements are widely performed and their 

relevance is said to lie in the de-convolution of the impact of various components. However, if the 

performance at OCV does not correctly reflect the true measure of performance (i.e. current output), 

what purpose does such analysis serve? However, it is also important to recognise that well 

performing electrodes will offer optimised current output along the whole breadth of the polarisation 

curve and not at a single operating point. As such, a more idealised behaviour will likely be achieved 

with an electrode that performs well in both EIS experiments and in polarisation experiments. 

Certainly, this was found to be the case with the LSCF cathodes which demonstrated favourable 

performance around OCV and in the lower voltage region (Figure 5.16). Further attempts to identify a 

suitable lanthanum nickelate electrode that can achieve both of these performance metrics are 

detailed in Chapter 6. In that chapter, symmetrical cell testing will be employed as an initial approach 

to ‘screen’ electrodes. Such a methodology is simple and can aid with the identification of electrodes 

that will likely perform well in the higher voltage range (or, in other words, around OCV). Since the 

attention turns to optimising an electrode with promising behaviour in all regions, this is deemed to 

be a suitable approach. The single cell testing method has already been shown to be vital in confirming 

that suitable performance is achievable in the intermediate-to-lower voltage region. As such, those 

electrodes that are identified as offering promise will be further analysed in the second configuration. 

5.4 Conclusions from single cell tests 

5.4.1 Main observations 

In this chapter a series of single cell tests have been detailed. A number of major observations can be 

made. Firstly, in relation to developing a repeatable test with good quality results: 

 Contact paste has been found to be necessary on the oxygen electrode – this has been shown 

to reduce the contact resistance and thus reduce the ohmic contribution in the EIS spectra 
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considerably. In turn, this appears to indicate the difficulties with a solid-on-solid electrical 

contact on the cathode side of the cell. Attempts to avoid the use of contact paste have 

demonstrated noisy EIS data in addition to low current outputs.  

 On the other hand, the use of such contact paste on the anode has been found to have no 

beneficial impact and, in fact, appears to offer an inhibiting factor with respect to the current 

density that is achievable. This is likely due concentration losses, with the Au-layer acting to 

inhibit species transport to some extent.  

 The use of a humidified stream of hydrogen has been found to offer  more repeatable results 

with respect to impedance measurements at OCV – fundamentally, this relates to variable 

leakage rates and the effects of p(H2O) on cell voltage, specifically at p(H2O)=0, as described 

by the Nernst equation.  

 Bench-mark performance metrics were determined for commercial cells with key metrics at 

800˚C shown in Table 5.3 and Table 5.4. 

In relation to the lanthanum nickelate electrodes, the following key points were observed: 

 In general, the performance of all of the studied lanthanum nickelates is below that of the 

state-of-the-art material LSCF – this is shown to be true in consideration of both the 

considered metrics (i0.7V and Rpol). 

 Whilst the performance of the materials has been shown to be generally inferior to LSCF, the 

data here indicate that La2NiO4+δ and LaNi0.6Fe0.4O3-δ  (and not the higher order Ruddlesden-

Popper phases as suggested by some literature) can offer the most competitive outputs. 

 In particular, this has been shown to be the case for electrodes sintered at higher 

temperatures which offer higher current densities and lower Rpol values. This supports the 

observations in Chapter 4 where similar trends were seen and associated with improvements 

in particle coalescence and electrode adhesion. 
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 Each of the considered materials appears to show a characteristic iV curve with a defined 

profile specifically with regards to activation and ohmic behaviours. This shape is consistent 

across the various sintering temperatures that have been adopted and would appear to relate 

to the underlying properties of the electrode materials that are well-described in literature. 

 La2NiO4+δ, for instance, has a very linear-like IV curve whereas LaNi0.6Fe0.4O3-δ has a very 

pronounced ‘activation region’ but improved ASR in the lower voltage regime.  

 This behaviour was also found to be reflected in the EIS measurements taken at OCV.  

Due to the range of materials that have been considered in this chapter, several notable points in 

relation to the testing of SOFCs can be made: 

 Conclusions that may be drawn based on EIS measurements at OCV in relation to the 

performance of a given cell may not necessarily reflect the conclusions that are drawn from 

current density measurements at standard operating voltage, e.g. i0.7V. For example, based on 

the EIS results in this study, it may be considered that LNF64 is one of the worst performing 

nickelates and yet, at an operating voltage of 0.6 V, the largest current density of all the 

nickelate materials is seen (i.e. it is the ‘best performer’ at high currents with a low ASR). 

 This supports a conclusion that studies on material selection or optimisation should not solely 

focus on EIS results as a single means by which an electrode performance can be determined 

– in turn, this could lead to a questioning of the symmetrical cell testing approach, which 

broadly reflects the behaviour seen in single cell EIS test data at OCV. 

 However, an optimal SOFC electrode is likely to show excellent behaviour at both high and 

low voltage regions (i.e. low activation losses and ASR, as LSCF has been found to achieve) 

and, as such, EIS behaviour at OCV remains of significance in developing an electrode to ‘rival’ 

the state-of-the-art. 
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5.4.2 Next Steps 

Based on the observations on lanthanum nickelate electrode performance detailed in this chapter, a 

series of further questions remain that can be explored in Chapter 6: 

 It has been shown that, to some extent at least, the performance of electrodes can be 

optimised via appropriate strategies in relation to cell fabrication (e.g. optimising sintering 

temperature) – further optimisation via the fabrication of composite electrodes can provide 

the opportunity for an additional improvement to be obtained. For example, can a 

combination of materials be found that show superior properties to the state-of-the-art 

electrodes? 

 An understanding on the properties of the La-Ni-O materials would suggest that different 

effects can be anticipated when combining each with different phases that show contrasting 

behaviour. For example, the combination of an ionic-conducting phase (e.g. GDC) with 

LaNi0.6Fe0.4O3-δ may provide an optimal solution for that material whereas it may be preferable 

to mix La2NiO4+δ with a phase with better electronic conducting properties. Many authors 

[236,270,334] have sought to combine the La2NiO4+δ phase with ionic-conducting phases but 

this appears to neglect observations that the poor electronic conductivity is the limiting factor 

for this phase. 

 Further, the evidence from the literature and from Chapters 4 and 5 would suggest that the 

family of lanthanum nickelate materials explored in this study offers complimentary 

properties and behaviour – does a mixture of appropriate phases offer any significant 

performance improvement? 

 It has been acknowledged that La-Ni-O phases have some reactivity with CeO2 phases but it 

has been observed that higher sintering temperatures improve (rather than hamper) cell 

performance. This may indicate that the “impurity” phase offers suitable conductivity (and/or 

some alternative beneficial effect). Alternatively, any ‘negative’ impact such phase formation 

may have may simply be heavily outweighed by improvements to particle connectivity (and 
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hence transport properties). A further study is conducted on an alternative interlayer material 

to see if it is possible to offer a further improvement. Also, longer-term measurements would 

need to confirm that ongoing reactions do not decrease the cathode properties with time. 
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6 Strategies for the optimisation of composite lanthanum electrode 

performance via appropriate material selection  
6.1 Overview of chapter 

In the previous experimental chapters of this thesis, the focus was on defining the performance of 

single-phase SOFC cathodes. In this chapter, similar techniques will be utilised to explore the 

advantages of employing composite electrodes (i.e. electrodes consisting of multiple phases). This is 

with a view to further optimising the performance of the lanthanum nickelates beyond what was 

achieved in previous chapters. The findings in this chapter are intended to inform future research 

directions for the optimisation of alternative electrode materials.  

As was described in the literature review of this thesis, composite lanthanum nickelate electrodes are 

not, in isolation, a novel concept and, indeed, have already been studied by a number of researchers. 

However, it is notable that there is often very little discussion around what might be the most 

appropriate strategy (or strategies) to selecting a suitable combination of materials with 

complimentary properties. For instance, a selection of studies pair La2NiO4+δ with excellent ionic-

conducting phases such as doped ceria (e.g. [236,270]). This approach would appear to overlook a 

rather fundamental truth that has been noted earlier in this work; the performance of La2NiO4+δ is 

limited by poor electronic transport, rather than by oxygen transport. Therefore, it would be expected 

to be a more suitable strategy to combine this particular material with a predominantly electronic 

conducting material. Alternatively, a mixture of the electronic conducting properties of LNF64 and the 

oxygen transport properties of GDC10 (Gd0.1Ce0.9O2) might provide a more credible option. A further 

question is, can the performance of the n=2 and n=3 Ruddlesden-Popper phases be significantly 

improved by combination with additional phases? Whilst some of these described composites have 

been explored individually (e.g. LNO214-LNF composites [335]) in the literature (and indeed these 

have been shown to offer promise in promoting performance over single-phase electrodes) a wider 

survey of different composites is lacking. As such, it is difficult to identify which approaches are likely 

to be the most promising. A broad study of different lanthanum nickelate-based composite electrodes 
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would make it possible to garner a more comprehensive understanding on this matter and comment 

on future directions for electrode development. In this chapter, three types of composite are studied; 

(1) GDC-lanthanum nickelate, (2) LNF64-Ruddlesden-Popper, (3) LDC45-lanthanum nickelate. This is 

with a view to combine the lanthanum nickelates with phases that can provide different benefits (e.g. 

improved electronic conductivity or oxygen transport). LNF64 was selected as a material that 

demonstrates excellent electronic properties whereas GDC was selected as a material with excellent 

oxygen transport properties. LDC45 (La0.45Ce0.55O2-δ) was selected with a view to identifying an oxide 

conducting CeO2-phase which, as will be shown later, could avoid the reaction between the lanthanum 

nickelate and the CeO2-phase. 

As has already been acknowledged earlier in this thesis, defining the performance of a given electrode 

can be complex and one of the simplest and most widely used routes (i.e. symmetrical cell testing) 

does not necessarily identify those electrodes that can provide maximum power output. However, as 

was discussed in the previous chapter, symmetrical cell testing is a simple and effective means of 

scoping how an electrode will behave in the low current density/high voltage region. Given that the 

state-of-the-art materials have been shown to offer excellent performance at both high and low 

voltages (and in both symmetrical cell and single cell tests), it seems fair to suggest that a competing 

electrode must do the same. As such, in this chapter, symmetrical cell testing is employed (in 

combination with the intelligence gained from previous chapters) as an approach to perform an initial 

screening of electrodes. This is with a view to identify promising material combinations that are then 

further assessed via single cell testing. As per previous chapters, an emphasis will be placed on 

providing a benchmark against state-of-the-art materials and against achievements reported in the 

literature.   
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6.2 Screening Electrodes (Symmetrical Cell Testing) 

6.2.1 Overview of tests 

To assess the potential of composite electrodes in promoting the performance of the lanthanum 

nickelate materials, a series of electrodes were prepared. These are summarised in Table 6.1. As in 

Chapter 4, these tests were performed both with and without the use of a gold current collector layer 

(Au-CCL). This was, again, to study its effect on these different combinations of materials. In each 

instance, the lanthanum nickelate materials were combined in a 1:1 volume ratio with a secondary 

phase and added to an ink vehicle prior to deposition via hand-painting. In addition to the use of 

GDC10 (Fuel Cell Materials), which was introduced with a view to improving oxide ion transport in the 

cathodes, these tests also considered the effects obtained by the use of lanthanum doped ceria (La1-

xCexO2). This phase has been explored in a limited number of reports (e.g. [336]) in an attempt to 

overcome the potential deleterious impact of the reaction between the lanthanum nickelate phases 

and GDC materials. As has already been described, the experimental analysis conducted so far in this 

thesis indicated that this effect is relatively minor (i.e. significantly improved performance was noted 

even at higher sintering temperatures). However, it is also noted that any such reactions in the case 

of those previously discussed single-phase electrodes would be limited to the electrode-electrolyte 

interface. As such, it could be anticipated that degradative effects might become more pronounced in 

a composite nickelate-GDC electrode where the number of contact points were increased and, hence, 

the extent of impurity formation increased. To further assess this, a comparison with LDC45 is offered. 

Details on the preparation of LDC compositions and a study on reactivity are described in Section 6.2.2. 

The final group of composites described in this initial work are the combination of LNF (shown in 

previous chapters to display very good electronic conduction properties) with the remaining 

lanthanum nickelate materials (i.e. Ruddlesden-Popper phases). In this case, the aim of secondary 

phase addition is to enhance electronic transport through the cathode layer. 
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Table 6.1 – Overview of symmetrical cell tests conducted in this chapter. Materials were mixed in 1:1 volume ratio. 

 GDC 

(1000˚C) 

GDC-Au 

(1000˚C) 

LNF 

(1000˚C) 

LNF-Au 

(1000˚C) 

LDC45 

(1150˚C) 

LDC45-Au 

(1150˚C) 

La2NiO4+δ       

La3Ni2O7-δ     - - 

La4Ni3O10-δ      - - 

LaNi0.6Fe0.4O3-δ   - -   

 

6.2.2 LDC synthesis, reactivity and layer preparation  

The synthesis of LaxCe1-xO2 materials (this general form herein denoted LDCX) was found to be possible 

via the same Pechini route detailed earlier in this thesis. In line with the previously described 

approach, reagents of La(NO3)3.(6H2O) (Merck, 99.99%) and Ce(NO3)3.(6H2O) (Sigma-Aldrich, 99%) 

were dissolved in water at 80˚C. Citric acid (Sigma Aldrich, 99%) and ethylene glycol (VWR) were then 

added in stoichiometric ratios (1.5 CA: 1.5 EG: 1 total metal ions). The resulting gel was then heated 

to 350˚C and the subsequent ash-like material was ground and annealed at 1000˚C for 12 hours. To 

identify an optimum LaxCe1-xO2 phase that could avoid reactivity with the lanthanum nickelate 

materials, a series of materials were prepared (La0.1Ce0.9O2, La0.3Ce0.7O2, La0.35Ce0.65O2, La0.4Ce0.6O2, 

La0.45Ce0.55O2 La0.5Ce0.5O2 herein denoted LDC10, LDC30, LDC35, LDC40, LDC45 and LDC50, 

respectively). The XRD scans taken from these materials can be seen in Figure 6.1 where they are 

additionally compared with a commercial CeO2 material (VWR International; ≥ 99.5%); the relative 

shift in the spectra can be seen as the lanthanum dopant concentration is increased.  

After synthesis of the LDCX phases, a reactivity study was conducted between these materials and the 

lanthanum nickelate phases to identify a compatible combination of materials. A selection of the LDCX 

phases were mixed with the lanthanum nickelates in a 1:1 mass ratio and heated to 1100˚C. The results 

of reaction between LDCX phases and LNO214 can be seen in Appendix H. It is apparent from those 

tests that at low lanthanum dopant concentrations some reaction remained apparent. However, this 

was seemingly minor in comparison with similar compatibility tests conducted with GDC10 (see 
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Chapter 4). As the lanthanum concentration was increased, the level of reactivity was found to 

decrease. No impurity phases were observed after heating with a composition of La0.45Ce0.55O2 at 

1100˚C. Reactivity between LDC45 and the LNO214 and LNF64 phases was also avoided when the 

phases were heated to 1150˚C, as is shown in Figure 6.2 and Figure 6.3. Given previous observations 

of lanthanum migration from the cathode phase into the electrolyte phase, the observations here 

seem logical. An increase in the La-concentration is likely to limit any cation diffusion. Given the results 

of the reactivity tests detailed in this section, LDC45 phase was identified as a phase of further interest 

for combination with the nickelate phases. It is stressed here that LDC45 has been identified purely 

on the grounds of compatibility. In part, this is to see whether or not the avoidance of secondary phase 

formation during fabrication is significantly beneficial or not. Given higher La-dopant concentrations 

(x>~0.2) have been shown [337,338] to offer inferior conductivity properties to those materials with 

lower concentrations, it is plausible that LDC45 may not offer optimum performance. However, as 

described, this material was selected on the grounds of electrolyte-electrode compatibility. 

In advance of LNO214-LDC45 and LNF64-LDC45 electrode deposition, an LDC45 barrier layer was first 

applied to the electrolyte substrates. These layers were applied to commercial 5 x 5cm2 YSZ substrates 

for symmetrical cell testing and, later, to commercial half-cells (Ni-YSZ | YSZ). In order to achieve this, 

an LDC45 ink was prepared. The synthesised materials were added to deionised water alongside a 

series of additives (see Table 6.2). The constituents were measured out and mixed on a roller-mill for 

around 24 hours. The resulting ink was then placed under a vacuum to remove any air. The ink was 

subsequently applied to the exposed surface of the substrates using a pipette and a thin layer achieved 

via spin coating. The resulting samples were then dried and sintered at 1200˚C. An image of a resulting 

layer is shown in Figure 6.4. It was observed that there was some small leakage of the ink around the 

masking (highlighted in Figure 6.4). This was found to be difficult to avoid using spin coating but any 

areas of leakage (i.e. around the masking) were gently sanded to prevent a short-circuit between the 

anode and cathode.   
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Figure 6.1 – XRD pattern of LDCX compositions against commercial CeO2 material. 
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Figure 6.2 – Reactivity test of La2NiO4+δ and La0.45Ce0.55O2; XRD results for (a) 50:50 mass% mix of materials prior to heating 
and (b) after heating to 1150˚C for 4 hours.  
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Figure 6.3 - Reactivity test of LaNi0.6Fe0.4O3-δ and La0.45Ce0.55O2; XRD results for (a) 50:50 mass% mix of materials prior to 
heating and (b) after heating to 1150˚C for 4 hours. 
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Table 6.2 – Composition of LDC45 ink prepared for spin-coating process 

Material Content (wt%) 

LDC45 50 

H2O (Deionised) 30 

DS001 1 

WB4101 18 

PL005 0.5 

DF002 0.5 

 

 

Figure 6.4 - LDC45 layer applied to a commercial half-cell by spin-coating. The leakage around the masking is highlighted. 

6.2.3 Symmetrical Cell Test Results 

For illustrative purposes, Nyquist plots of LNF and LNO214-based composites are shown in Figure 6.5, 

as recorded at an operating temperature of 800˚C. Results of the wider body of tests are summarised 

in Figure 6.6 to Figure 6.9. The data show that picking a ‘best-performer’ (i.e. a “winner”) amongst 

these electrodes is highly temperature-dependent and also significantly influenced by the role of the 

Au-CCL (this effect was previously explored in Chapter 4). Although it was shown in Chapter 5 that the 

use of the current collector was necessary in the single cell testing set-up, both cases (with and without 

the gold current collector) are discussed here as they offer complimentary insight (e.g. effect on Ro 
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properties and the relative need for current collector layers). A number of trends can be summarised 

and are discussed in the following.  

The addition of GDC leads to very large Ro and Rpol values in the absence of the current collector layer. 

In effect, such composites are the worst performing electrode configuration of those studied. 

However, the addition of the Au-CCL results in a sizeable reduction in these values. This effect was 

also seen in certain instances in Chapter 4. In this testing configuration, the GDC-containing 

composites are shown to offer the lowest resistance values in all cases. It is evident that the oxygen 

transport properties of GDC10 enable a promotion of the performance but only when measures to 

ensure electronic transport (which is clearly worsened by the addition of the GDC) is suitably 

supplemented for, via the employment of a contact layer.  

In the absence of the Au-CCL, the addition of LNF64 has the effect of reducing Ro values in all cases. 

The effect is most pronounced when combined with the La2NiO4+δ phase (see Figure 6.6b) and least 

for La4Ni3O10-δ (see Figure 6.8b) which is logical given the relative electronic conductivity of these 

materials (poor for the former, good for the latter; see Figure 2.5 in Chapter 2) and given the results 

that were described in Chapter 4. In the presence of the Au-CCL, the LNF-type composites (i.e. 

LNO214-LNF, LNO327-LNF, LNO4310-LNF) are inferior to these other composites studied here. 

However, evidence from Chapter 5 indicates that the improved electron transport behaviours of these 

composites may offer a point of further interest (i.e. the relative benefit of LNF64 may become more 

apparent under polarisation testing). Further consideration of the LNF64-based composites with the 

Au-CCL (Figure 6.9f) shows that polarisation performance can be appreciably improved by a 

combination with materials that possess favourable oxygen exchange behaviour under the condition 

that a suitable CCL is applied. The Rpol values decreased in the order: LNO4310-LNF>LNO327-LNF>LNF-

LNO214>LNF-LDC45>LNF-GDC. 

Interestingly, the LDC45 composites (LNO214-LDC45 and LNF64-LDC45) showed lower Ro values than 

the GDC composites that have already been discussed. This likely alluded to a higher electronic 
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conductivity of this material, whilst the higher Rpol  values that are seen in the presence of an Au-CCL 

were likely a result of inferior oxygen transport properties relative to GDC10.  

A key conclusion from symmetrical cell tests is that the performance of lanthanum nickelate 

electrodes can be significantly altered via a number of different approaches to forming composite 

electrodes. Based on the results from symmetrical cell tests, five composite electrodes were identified 

for further consideration under polarisation. These were (1) LNF-GDC, (2) LNF-LNO214, (3) LNF-LDC45, 

(4) LNO214-GDC and (5) LNO214-LDC45.  

 

Figure 6.5 - Nyquist plots of composites; LNO214-based composites (a) without CCL and (b) with CCL. LNF64-based 
composites (c) without CCL and (d) with CCL. All composites were mixed in a 1:1 volume ratio. Electrode sintering 

temperatures are shown in brackets in the legend. 
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Figure 6.6 – Symmetrical cell performance of La2NiO4+δ composite electrodes (1:1 volume ratio of 214-to-composite phase); 
(a) Arrenhius plot (600-800˚C; 50˚C intervals) showing polarisation resistance of different LNO214-composite electrodes in 

the absence of a current collector, (b) Arrenhius plot showing ohmic resistance of the electrodes in the absence of the 
current collector and (c, d) the Rpol and Ro Arrenhius plots (respectively) in the presence of a current collector layer. Total 
impedance values in (e) absence of the Au-CCL and (f) the presence of the Au-CCL. Electrode sintering temperatures are 

shown in brackets in the legend. 
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Figure 6.7 – Symmetrical cell performance of La3Ni2O7-δ composite electrodes (1:1 volume ratio of 327-to-composite phase); 
(a) Arrenhius plot (600-800˚C; 50˚C intervals) showing polarisation resistance of different LNO327-composite electrodes in 

the absence of a current collector, (b) Arrenhius plot showing ohmic resistance of the electrodes in the absence of the 
current collector and (c, d) the Rpol and Ro Arrenhius plots (respectively) in the presence of a current collector layer. Total 
impedance values in (e) absence of the Au-CCL and (f) the presence of the Au-CCL. Electrode sintering temperatures are 

shown in brackets in the legend. 
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Figure 6.8 – Symmetrical cell performance of La4Ni3O10-δ composite electrodes (1:1 volume ratio of 4310-to-composite 
phase); (a) Arrenhius plot (600-800˚C; 50˚C intervals) showing polarisation resistance of different LNO4310-composite 

electrodes in the absence of a current collector, (b) Arrenhius plot showing ohmic resistance of the electrodes in the absence 
of the current collector and (c, d) the Rpol and Ro Arrenhius plots (respectively) in the presence of a current collector layer. 
Total impedance values in (e) absence of the Au-CCL and (f) the presence of the Au-CCL. Electrode sintering temperatures 

are shown in brackets in the legend. 
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Figure 6.9 – Symmetrical cell performance of LaNi0.6Fe0.4O3-δ composite electrodes (1:1 volume ratio of LNF64-to-composite 
phase); (a) Arrenhius plot (600-800˚C; 50˚C intervals) showing polarisation resistance of different LNF64-composite 
electrodes in the absence of a current collector, (b) Arrenhius plot showing ohmic resistance of the electrodes in the 

abscence of the current collector and (c, d) the Rpol and Ro Arrenhius plots (respectively) in the presence of a current collector 
layer. Total impedance values in (e) absence of the Au-CCL and (f) the presence of the Au-CCL. Electrode sintering 

temperatures are shown in brackets in the legend.  
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6.3 Single Cell Testing  

To further assess the performance of the identified electrode configurations, single cell tests were 

conducted, akin to those reported in Chapter 5. Again, the electrodes were applied to commercial 

half-cell substrates as a means of maintaining consistent anode and electrolyte performance. The iV-

results and corresponding EIS data (recorded at OCV) from these tests are summarised in Figure 6.10 

and Figure 6.11, respectively. In Figure 6.10f and Figure 6.11f, i0.7V and Rpol values (respectively) are 

compared against the single phase electrodes previously tested. As was also evident in the 

symmetrical cell tests, it is shown that improvements can be garnered via combination with the 

secondary phases which, again, highlights the beneficial effect of combining materials with different 

fundamental properties.  

The most notable electrode performance obtained in this study was that from the LNF-GDC electrode 

(Figure 6.10c), demonstrating the importance of selecting materials with complimentary properties. 

The improvement in performance can perhaps be most appreciably noticed by consideration of the 

profile of the polarisation curve which is shown to be much more linear than that which was shown in 

Chapter 5 for the single phase LNF electrode. In those cases, large losses were seen in the activation 

region of the iV curve. The change in behaviour of the composite electrode is seemingly achieved by 

an improvement in the reaction kinetics in the low current-high voltage regime where oxygen 

exchange is likely to be the rate-limiting process (rather than electron transport). In this case, the 

oxygen transport of the doped CeO2-phase are well suited to a combination with the electronic 

transport properties of the LNF phase. As was the case in Chapter 5, it can again be noted that this 

electrode did not appear to demonstrate the most favourable symmetrical cell performance in 

comparison with those other electrodes in Section 6.2.3. Once more, this highlights a serious limitation 

of that particular approach in assessing performance.  

The LNF-LNO214 composite offered a particularly interesting case-study for a specific consideration 

and discussion. When compared against the single phase LNF64 and LNO214 electrodes that were 
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analysed in Chapter 5, the effect of combining the two materials becomes apparent. This comparison 

can be viewed in Figure 6.12, in which the behaviour of electrodes (each sintered at 1000˚C) is 

compared. At an operating temperature of 800˚C, the performance enhancement is unmistakable and 

the current output is improved across the entire voltage range studied (Figure 6.12a). It might be 

anticipated that the current density values would represent an approximate average of those 

recorded for the single-phase electrodes, at all points over the studied voltage range. This is shown 

not to be the case and, instead, a synergistic effect is apparent. At the lower operating temperature 

of 700˚C, the behaviour is slightly different. Whilst the performance at lower voltages remained 

marked, the behaviour around OCV appeared to represent more of an average of that recorded for 

LNF64 and LNO214. A variation in the relative compositions of these materials may lead to different 

behaviour and it seems likely that the optimum ratio is different at each operating temperature (e.g. 

a higher LNO214 content may be beneficial at lower temperatures).   

Comparing the i0.7V values of the LNF-LNO214 electrode against that of the LNO214-GDC electrode (at 

TOp=800˚C) would appear to confirm that the performance of an LNO214-based electrode can be most 

appreciably improved via its combination with an electronic conducting phase. However, further 

comparison of the i0.7V values at lower temperature shows that this behaviour does not necessarily 

hold under all conditions. However, the maximum current density recorded (i0.6V – see the far right of 

the polarisation curves) demonstrates that the LNO214-LNF64 electrode performs more favourably in 

this region. Given the relatively non-linear nature of the polarisation curve of the LNO214-LNF (see 

Figure 6.10e) in comparison to the LNO214-GDC electrode (see Figure 6.10a), it may be possible to 

further enhance the cell output by an optimisation of the LNO214-LNF ratio.  

The polarisation curves of the LNF-LDC45 (Figure 6.10b) and LNO214-LDC45 (Figure 6.10d) electrodes 

were found to be very similar in both cases. However, the use of the LDC45 material did not show any 

benefit in comparison with the GDC10 composite – this, despite the use of higher sintering 

temperatures (and the lower reactivity previously reported). This could plausibly be a result of the 
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inferior transport behaviour of LDC45 in comparison with GDC10. The postulate here is that, whilst 

authors have looked to avoid reactivity with CeO2, the excellent behaviour of GDC10 means that such 

a strategy is unlikely to reap major improvements in performance (although this could feasibly offer a 

more long-term benefit with respect to reduced degradation rates). However, another alternative 

here could be interactions between the LDC45 and the underlying 8YSZ phase leading to a rate-limiting 

insulating layer. Indeed, further subsequent XRD analysis has shown that the introduction of 

lanthanum into the CeO2 phase causes this effect (see Figure 6.13). It is notable that this apparent 

incompatibility is not observed between GDC10 and 8YSZ under the same conditions (see Figure 6.14). 

As such, despite efforts to avoid reaction between the cathode and the barrier layer, a new 

incompatibility issue is introduced at the electrolyte-barrier layer. Given this observation, and given 

also the relative performance of the LDC45-type composites, the use of LDCX is not recommended as 

a route of boosting the performance of lanthanum nickelate electrodes.  

Despite the improvements that have been noted in this study, a clear observation remains, namely 

that is that the i0.7V performance of the cells remains below that of the commercial single-phase LSCF 

material. This is increasingly evident as the operating temperature is reduced. It is further noted that 

there has been no real attempt in this work to optimise the LSCF performance (via the use of 

composite layers) and, for instance, the addition of LSCF with other phases such as GDC may make an 

even more difficult case for the lanthanum electrodes to compete with. Further optimisation of the 

lanthanum nickelates has not been explored here and may result in further improved performance. In 

this chapter there has been no attempt to optimise sintering temperatures or, going further, to 

optimise the ratios of materials used in each case. This could represent an area of interest for the 

future. Use of existing electrode models (e.g. the Adler Steele Lane model [339]) may also help to 

support optimisation attempts.  
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Figure 6.10 – Polarisation curves of composite electrodes; (a) LNO214-GDC (TSint=1000˚C), (b) LNO214-LDC45 (TSint=1150˚C), 
(c) LNF64-GDC  (TSint=1000˚C), (d) LNF64-LDC45  (TSint=1150˚C), (e) LNO214-LNF64  (TSint=1000˚C) and (f) a comparison of i0.7V 

values compared against single phase electrodes (LNO214, LNF64 and LSCF) sintered at 1000˚C.   
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Figure 6.11 – EIS measurements recorded at OCV for composite electrodes; (a) LNO214-GDC  (TSint=1000˚C), (b) LNO214-
LDC45  (TSint=1150˚C), (c) LNF64-GDC  (TSint=1000˚C), (d) LNF64-LDC45  (TSint=1150˚C), (e) LNO214-LNF64  (TSint=1000˚C) and 

(f) a comparison of Rpol values compared against single phase electrodes (LNO214, LNF64 and LSCF) sintered at 1000˚C.   
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Figure 6.12 – Comparison of polarisation curves of single phase and composite phase electrodes (LNF, LNO214, LNF-
LNO214) at an operating temperature of 800˚C with Au-CCL.  
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Figure 6.13 – XRD showing reactivity between LDC45 and 8YSZ. 
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Figure 6.14 – XRD showing the compatibility of GDC10 and 8YSZ. 
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6.4 Comparisons with literature data 

To identify possible further routes for the development of lanthanum nickelate electrodes, it is of 

interest to consider the results recorded in this chapter against the literature data. This not only 

provides context for the performance that has been achieved in this study but also enables an 

assessment of other author’s work and helps to identify those studies that have been particularly 

successful in developing novel electrodes. In turn, this can offer further insight into the most suitable 

strategies for promoting cell performance. A comparison of data recorded in this work and those seen 

in the literature is shown in Figure 6.15. There are a number of lanthanum nickelate electrodes that 

have been studied by other authors that have exceeded the performance that has been achieved in 

the work described in this chapter.  

Starting with a consideration of those La2NiO4+δ electrodes that have out-performed those considered 

in this work (see Figure 6.15a), a number of important studies can be identified. Of those considered, 

there are two reports that indicate current density (i0.7V) of over 2 Acm-2 is possible at an operating 

temperature of 800˚C [222,236]. It is noticeable that in both of these studies (conducted by two 

different research groups) a layered configuration is employed to promote performance. The 

approach involves improving the oxygen exchange towards the electrolyte-interface and improving 

the electronic conductivity towards the current collection part of the cell. It is interesting to note that, 

in addition to developing a highly active functional layer comprised of LNO214 and a doped ceria phase 

(GDC or SDC [236]), both of the aforementioned works employ a further La1-xSrxCoO3 (LSC) layer to 

maximise the cell output. Whilst this appears to suggest such an approach offers promise, it is a 

wonder if the introduction of a cobaltite phase re-introduces the problems that the lanthanum 

nickelates are intended to resolve (i.e. Cr-poisoning, TEC mismatch issues). In other words, does the 

lanthanum nickelate serve an important purpose or would it be better to replace this entirely with the 

better-performing LSC and, effectively, accept/manage the anticipated issues with this material? The 

remaining two studies [335,340] that have reported electrodes with better performance better are 

LNO214-LNF64 electrodes. There are a number of studies [236,270,334,336,341,342] that report  
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Figure 6.15 – Comparison of i0.7V measured in this study and those measured in other studies; (a) LNO214 composites and 
(b) LN64 composites. 
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composite electrodes with relatively inferior performance when compared with the results reported 

in this thesis. These electrodes consist of a combination of LNO214 with doped ceria phases. These 

observations appear to support earlier suggestions that this material, possessing excellent oxygen 

transport properties, is most suitably improved via combination with electronic conductors rather 

than other oxygen conducting materials. Conducting a similar analysis on LNF64 suggests a more 

fragmented approach has been conducted by authors with a broad variety of different materials 

employed in combination with the electronic conductor [243,335,340,343–345].  As such, it is difficult 

to identify any major trends but the highest performing electrodes employ more novel materials 

including BZCY [344] and EDB [343]. This possibly alludes to the promise of developing new electrolyte 

phases for use with the lanthanum nickelates. A combination of LNO214 and LNF64 (1:1 volume ratio) 

is, again, shown to be a strong performer [340]. 

6.5 Conclusions 

The study of composite electrodes in this chapter has provided a number of notable findings which 

can be summarised as follows: 

 Symmetrical cell testing in this chapter has been shown to have fairly limited relevance in 

predicting the behaviour of electrodes at lower operating voltages. However, it has been 

shown that the use of this testing approach can offer a quick and simple means by which 

improvements for a given class of materials can be identified. Importantly, valuable 

information can be obtained on how the addition of new phases influences the ohmic and 

polarisation properties of an electrode. However, we advise upmost care when equating the 

outcomes of these results with those from single cell testing.  

 Efforts to optimise electrode materials should consider the fundamental properties of the 

selected phases (what is the drawback of a given phase when used as an electrode? An 

‘enhancement’ in which property or behaviour would likely offer the most appreciable 

improvement?). Such considerations do not appear to be universally applied within the 
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literature. A more robust assessment of material performance via direct comparison with 

state-of-the-art materials should be generally performed. This offers a benchmark against 

which materials can truly be assessed. Often, academic studies in this area fail to provide such 

context and this can make interpretation difficult, particularly for differing materials. 

 It has been shown that cathodes can be improved quite significantly via the use of composites. 

It has been shown that a combination of two electrode phases can out-perform those of the 

single phases, showing a certain synergistic effect. This was most clearly highlighted in the 

case of the LNO214-LNF64 electrode.  

 The addition of oxygen conducting materials (such as GDC10) can help to improve the 

polarisation performance of electrodes but this approach also requires appreciation of the 

loss in conductivity. This can be offset by the use of contacting layers. In this study this has 

been provided by an Au-CCL but, in a commercial set-up, this role could be taken up by a lower 

cost alternative (e.g. LNF64 or LSM).  

 Whilst it is apparent that enhanced performance can be achieved via a combination of 

different phases, developing a lanthanum nickelate electrode that can clearly rival the state-

of-the-art LSCF material has proven more difficult. In this study, this observation has been 

particularly evident as operating temperatures are lowered from 800˚C. It is notable that LSCF 

maintains superior performance in the lower temperature range.  It is also worth noting that, 

in this study, development and testing has been limited to that of lanthanum nickelate 

electrodes. Very little effort has been applied to optimising LSCF, itself. It is, therefore, 

inevitable that the performance of the LSCF material could be further enhanced and, indeed, 

this is what the literature would appear to suggest. This highlights the difficulty that materials 

researchers face in replacing the incumbent phases.  

This chapter has detailed a simple means by which La-Ni-O cathodes for SOFC can be explored. Further 

optimisation is no doubt possible with the lanthanum nickelates. This could include: 
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 Changing the ratio of materials in the composite electrode to find an optimum composition 

that offers enhanced current output. 

 Use of more advanced electrode structures and/or use of nano-materials to increase the 

catalytic area – this could include layered structures, employing a highly active functional layer 

(e.g. LNO214-GDC) with a highly conducting CCL (e.g. LNF). In some works, more than two 

layers are used with a gradual changing of the electrode properties through the structure.  

 Optimisation of sintering temperatures– evidence from previous chapters in this thesis shows 

that improvements to particle connectivity can lead to a boost in electrode performance. 

Whereas in that case, interaction between the cathode and electrolyte was limited to the 

interface between the components, this effect is likely to be complicated by increased 

reactivity with intimately mixed phases.  

 This issue may be offset by the development and consideration of alternative electrolyte 

materials  
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7 Conclusions and outlook 
7.1 Overview 

The work documented in this thesis has analysed the performance of lanthanum nickelate electrodes 

from a number of perspectives. This has covered an assessment of data from the wider literature, and 

involved a comprehensive testing programme carried out in the Fuel Cells and Hydrogen laboratory 

at the University of Birmingham. A broad selection of materials was studied, including synthesised 

materials (La2NiO4+δ, La3Ni2O7-δ , La4Ni3O10-δ, LaNi0.6Fe0.4O3-δ, La0.6Sr0.4Co0.2Fe0.8O3-δ) in addition to state-

of-the-art commercial alternatives (La0.6Sr0.4Co0.2Fe0.8O3-δ). This assortment of materials offers a 

diverse mix of properties; from those possessing predominantly oxygen transport behaviour, to those 

that demonstrate predominantly electronic transport (and, additionally, those with intermediate 

behaviour). This study is of particular interest in developing a contextualised understanding of the 

lanthanum nickelate materials; it is differentiated from many other studies detailed in the literature 

by its breadth and systematic approach to ensure each material is similarly characterised. It is also 

notable that the number and type of materials studied allows for comment on potential issues with 

common approaches to SOFC testing. Further, a study of fabrication and testing considerations 

(sintering temperature, material selection, use of noble metal contact layers) has provided some 

insight into the possible influence of different parameters on the conclusions that might be drawn 

from experimental work. In the final chapter of this work, the findings from this study are summarised 

and possible future research directions are identified.   

7.2 The performance of lanthanum nickelate electrodes 

In very general terms, the work that has been conducted in this thesis shows that the lanthanum 

nickelates offer relatively inferior performance when compared to the state-of-the-art oxygen 

electrode material (LSCF6428). This was already initially evident from considerations of the literature 

data. It was acknowledged, however, that any literature-based analysis (like that performed in Chapter 

2) can be complicated by a need to draw comparisons across a range of studies conducted by different 
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research groups. Such analysis will neglect the role of many different approaches to material synthesis, 

and to cell and electrode fabrication. Further, the effects of various approaches to testing (i.e. 

different bench set-ups) are likely to additionally complicate attempts to perform any such 

comparisons. To generate a bench-mark of electrode materials, a series of tests were performed on 

single-phase electrodes. This covered both the symmetrical-cell and single-cell testing approaches 

that were described in Chapters 4 and 5, respectively. A number of factors relating to electrode 

performance were observed and are summarised here.  

Relative to state-of-the-art commercial LSCF6428, each of the lanthanum nickelate phases displayed 

inferior performance. This was clearly apparent in the Ro, Rpol and ZDC values recorded during 

symmetrical cell testing (Chapter 4); in certain scenarios, impedance values were found to be orders 

of magnitude larger than commercial materials. The addition of improved contact layers had, in some 

cases, an extraordinary effect on the measured performance. For obvious reasons, this effect was 

most heavily apparent in the case of the poorer conducting phases. In the case of the symmetrical cell 

testing of LNO214 electrodes, for instance, ZDC values (TOp=800˚C) were reduced from 309.5 Ωcm2 to 

1.3 Ωcm2. Comparatively, the addition of Au-paste to LSCF6428 was relatively minor (from 7.2 Ωcm2 

to 0.75 Ωcm2). These observations highlight that different effects should be anticipated for materials 

with dissimilar properties. Such conclusions have some important consequences for SOFC testing. 

These will be considered in further detail in Section 7.3. 

Attempts to conduct testing on electrodes in the single-cell configuration (Chapter 5) brought an 

improved understanding of the performance of the lanthanum nickelates when placed under 

polarisation. First considering the polarisation curves measured with the different materials, it was 

apparent that each phase possessed a characteristic profile or shape. This is believed to be related to 

the relative properties of the electrode materials. In one case, LNO214 (which possesses very good 

oxygen exchange behaviour) displayed a rather linear iV-behaviour. In another case, LNF64 which can 

be considered as the antithesis of LNO214 (i.e. good electronic conductivity, relatively poor oxygen 
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exchange) showed a very activation-heavy profile but offered much more favourable behaviour in the 

ohmic region of the curve.  

Overall, it was apparent that the studied materials demonstrated relatively limited potential in 

replacing commercial materials. An initial bench-mark of a commercial cell found that a current 

density between 0.79 and 0.86 Acm-2 was possible at an operating temperature of 800˚C and 0.7 V, 

respectively. In the majority of cases, the current density achieved from the lanthanum nickelates was 

below this and, in some cases, well below this. The poor performance could also be observed in the 

EIS spectra that were recorded at open circuit. DRT analysis indicated additional cell processes were 

present, suggesting sluggish kinetics.    

Although the single-phase lanthanum nickelate electrodes were shown to offer relatively mediocre 

output, it was highlighted that there exist a number of approaches that can be used to enhance 

electrode performance. Increased sintering temperatures have proven, in many cases, to lead to a 

sizeable performance enhancement. In the case of LNO214, symmetrical cell ZDC values (TOp=800˚C) 

were reduced from 309.5 Ωcm2 to 79.4 Ωcm2. Post-test analysis indicated that this was a result of 

improved particle connectivity and, as a result, an improvement in charge transfer processes. The 

improvement in performance that was noted appeared to overcome any issues associated with 

incompatibility with the GDC barrier layer under fabrication conditions. This somewhat challenged the 

perception that lower sintering temperatures are favourable due to the issue of reactivity between 

the materials. Notably, the effect of Tsint on LNO214 appeared to be more pronounced than that seen 

for the other materials and this is thought to be a result of the underlying properties of this phase (i.e. 

lower electronic conductivity). Importantly, this highlights the need to approach the optimisation of 

materials on a case-by-case basis. Indeed, an increase in electrode sintering temperatures was shown 

to worsen the performance of the commercial LSCF6428 phase; this likely leads to changes in 

electrode morphology. 
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Another important route for improving the performance of electrodes is to combine with additional 

phases (e.g. GDC10) to form composite electrodes. In Chapter 6 of this thesis, a number of different 

combinations of materials were analysed in both symmetrical cell and single cell testing configuration. 

The most promising combination of materials was found to be LNF64-GDC although, by some 

measures at least, this still fell short of the performance achieved with the commercial LSCF. It is noted 

that this combination of materials combined the material with the most superior oxygen transport 

behaviour (GDC10) with the material with the most favourable electronic conduction properties. The 

effect that this had on the LNF64 electrode could be appreciated from the polarisation curves which 

became significantly more ‘linear’ (i.e. lower activation losses) with the addition of GDC10. Elsewhere, 

it was observed that the combination of LNO214 with LNF64 showed a synergistic effect, promoting 

the cell performance beyond that achieved with either of the single-phase electrodes. At the higher 

operating temperatures, LNO214 was found to be most favourably promoted with LNF64 whereas, as 

the temperature was lowered, LNO214-GDC became a more attractive proposition. This potentially 

alludes to the increasing necessity to aid oxygen exchange as the temperatures are lowered (i.e. this 

becomes the limiting factor rather than electronic transport). Further, it suggests that the optimum 

combination of phases is likely to be influenced by the operating temperatures that may be favoured 

at a system-level.  

A crucial observation from this work is the difficulty that was found in obtaining a material (or 

combination of materials) that could compete with LSCF. This is particularly apparent at lower 

operating temperatures where LSCF retains excellent behaviour due to its favourable combination of 

electronic and ionic conductivity. An impressive level of performance was achieved in both the 

symmetrical cell and single cell testing configurations and was found to be evident in almost all metrics 

and in all conditions that were studied. Such observations offer a rather inconvenient truth for 

advocates of the lanthanum nickelate materials. Given degradation rates of LSCF-containing cells have 

been significantly reduced in the last 10 to 15 years (e.g. via the engineering of new Cr-transport 

inhibiting layers), it is rather difficult to build a case for the replacement of LSCF with the La-Ni-O 
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phases based on the results from this thesis. This is not, of course, to suggest that a high-performance 

lanthanum nickelate electrode can’t be engineered via a careful combination of factors (e.g. layered 

electrode configurations, nano-structures, composite ratio optimisation). Indeed, examples of 

impressive electrodes comprising these materials exist within the literature. However, it should be 

stated that, based on the evidence from this thesis, such materials will necessitate a much greater 

(and, therefore, likely more costly) attention to such parameters of optimisation. 

7.3 Comments on SOFC testing approaches 

In addition to the comments on the performance of the various materials studied in this work, the 

observations from this thesis also have implications towards SOFC testing approaches that are seen in 

the literature. Due to the variety of materials studied, it was possible to assess the role of various 

testing approaches and elucidate how different phases (or fundamental properties) might influence 

the observations and conclusions that were drawn within each. Firstly, with regard to the use of noble 

metal contact layers, it became apparent that the electrical contact configuration seriously impacted 

the performance of the electrodes to which they are applied. Perhaps more pertinently, the extent to 

which such layers impact the performance of the underlying electrode was heavily influenced by the 

underlying properties of that material itself. The symmetrical cell behaviour (Rpol, Ro, ZDC) of LNO214, 

for instance, was found to be much more heavily improved by the addition of the Au-contact layer 

than was seen to be the case for LNF64 and LSCF6428. Indeed, to some extent, this could even 

influence the conclusions that might be drawn from a given study (i.e. in certain scenarios the 

presence of an Au-CCL LNO214 was shown to out-perform LNF64 but in the absence of the layer, the 

reverse was shown to be true). This has implications for studies in which optimisation or comparisons 

between materials are drawn. In particular, this confirms the difficulty of conducting like-for-like 

comparisons across studies with different approaches to contact configurations. Researchers should 

be aware of these effects and determine which approach is likely to be most beneficial to their 

application. There is an argument to suggest both approaches could offer benefit.  
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Another key observation that was made towards SOFC testing in this thesis is the relevance of 

symmetrical cell testing. The perceived benefit of this testing approach is that it can remove the 

influence of the fuel electrode and isolate the performance of the air electrode (i.e. the electrode of 

interest in this case). The drawback is that the approach limits study of the behaviour to open circuit 

conditions. Symmetrical cell testing is widespread and often conducted as a sole means of assessing 

the performance of a given material or electrode (i.e. without further consideration of polarisation 

testing). If the performance of all (or, at least, the studied) electrodes in this testing configuration 

correlates well with their corresponding performance under polarisation (i.e. lower voltages) then this 

represents an acceptable approach. However, it has been shown that, with certain materials (e.g. 

LNF64), polarisation curves are non-linear and strong activation losses can be seen even at relatively 

high operating temperatures. Moreover, these polarisation curves can ‘flatten’ at lower operating 

voltages where electronic conductivity becomes a much greater consideration (i.e., the relative 

voltage losses are reduced). This creates a situation where electrodes that do not appear to perform 

well at OCV (and hence have large EIS values in symmetrical cell testing) can conversely achieve high 

current densities at lower operating voltages and even out-perform those materials which behave 

more favourably at OCV. Given the ultimate goal of electrode development should be aimed at 

optimising current output, the role of symmetrical cell testing can therefore be questioned. This issue 

becomes particularly apparent when comparing dissimilar materials. However, it is worth noting that 

the findings in this thesis do appear to show that symmetrical cell testing correlates with single cell 

performance at OCV. In the case of LNF64, for instance, the large activation loss found via 

procurement of the polarisation curve is predicted by the sizeable symmetrical cell impedance. The 

need to develop electrodes that perform well across the entire voltage range also means that this 

technique can be used to de-select materials that do not meet this criteria in at least one part of the 

operating voltage range. Further, the use of the symmetrical cell testing approach brings an 

appreciation of the material when operated as an electrode and can help develop understanding 

towards likely behaviour with respect to Ro and Rpol. Finally, the use of symmetrical cell testing 
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becomes more favourable when comparing electrodes with similar properties (this might cover small 

changes in composition or different microstructures). Researchers should therefore be aware of the 

limitations of symmetrical cell testing, especially given that such considerations are not particularly 

well-documented.   

7.4 Future Work  

Whilst the difficulty in achieving a high-performance lanthanum nickelate electrode has been 

apparent in this work, it is acknowledged that further optimisation is no doubt possible. Indeed, as 

part of the previously discussed analysis, it has been shown that other authors have utilised these 

materials to out-perform that which has been achieved here. Some of these studies have involved the 

combination of lanthanum nickelates with materials such as LSC or LSCF. This is an interesting 

approach when considering that the common objective (described in Chapter 2) is to remove the use 

of Co- and alkaline-earth-doping. A better understanding will be required as to how these electrode 

designs perform in long-term operation and whether or not the overall benefit is sufficient to justify 

the replacement of conventional electrodes. Other options for optimisation may include the role of 

layered lanthanum nickelate electrodes, for instance, combining the excellent oxygen transport 

properties of LNO214 with the impressive electronic conductivity of LNF64. The performance of 

different ratios of composite phases is also an area of interest. Given the evidence in Chapter 6 of this 

thesis, investigating how different operating temperatures influence the selection of optimum 

material mix ratios is of interest. Another area of interest is the understanding of how the different 

approaches to optimising performance influence long-term degradation rates. Does the addition of 

GDC10, for instance, lead to greater degradation rates in long-term testing (given its apparent 

reactivity with the lanthanum nickelate phases)? In turn, does this negate any such benefit that can 

be garnered from composites of such materials? The potential of introducing dopants into the 

Ruddlesden-Popper phases has not been explored in this thesis but there is significant work in this 

area. A comprehensive consideration of the literature data for doped systems may be revealing. A key 
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challenge in this regard is to avoid introducing issues such as alkaline-earth segregation as a result of 

the choice of dopants.   

From an SOFC testing perspectives, the insight that has been achieved towards symmetrical cell 

testing opens up an interesting line of enquiry. It has been shown that useful information on both 

polarisation resistance and ohmic resistance can support an understanding of electrode behaviour. 

However, the use of measurements in predicting behaviour under polarisation (perhaps a more 

realistic reflection of performance) is limited. However, a question remains as to whether the results 

from symmetrical cell testing be utilised to develop a model that can effectively describe electrode 

behaviour under polarisation? It could be envisaged that information of ohmic resistance (RO) might 

be used to develop an idea or prediction of cell output at the extremities of the polarisation curve (i.e. 

medium-to-low operating voltages). In the long-term, such an analysis could improve the benefit of 

performing these measurements. Certainly, electrode performance models exist (e.g. Adler Lane 

Steele [339]) based on fundamental material properties such as surface exchange and bulk diffusion 

properties. However, it may be interesting to understand if polarisation performance (i.e. that seen in 

iV curve experiments) can be modelled based on the more straight-forward symmetrical cell testing 

approach.   

Part of the difficulty that remains in electrode development is in understanding the bench-mark of 

‘what is good’ and ‘what is not’. Moreover, there is a need for further information on what sort of 

performance must be achieved for materials to be truly considered as promising alternatives. A wider 

question for the SOFC community surrounds, therefore, the targeted performance that researchers 

should be seeking from their work (and in what conditions they must be achieved to penetrate the 

commercial market). In this thesis, comparisons have been drawn with tests conducted on state-of-

the-art materials and additionally with data taken from the literature. It remains difficult to assess, 

however, how the suitability of such an approach and strategies for a more universally agreed 

methodology could help identify the best performing materials for the next generation of SOFC cells.  
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Appendix A -  Fuel cell thermodynamics: the effect of operating 

temperature 
 

For a fuel cell operated with hydrogen and oxygen, the total reaction can be represented by: 

𝐻2 +  
1

2
𝑂2  →  𝐻2𝑂 [𝐸𝑞. 𝐴1]  

The maximum thermodynamic efficiency (𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐) and voltage (Eo) of this reaction are 

calculated from: 

𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
𝑤𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑤𝑡𝑜𝑡𝑎𝑙
=

∆𝑔𝑇

∆ℎ𝑇
=

∆ℎ𝑇 −  𝑇∆𝑠𝑇

∆ℎ𝑇
= 1 −

𝑇∆𝑠𝑇

∆ℎ𝑇
 [𝐸𝑞. 𝐴2] 

𝐸𝑜 = −
∆𝑔𝑇

𝑛𝐹
== −

∆ℎ𝑇 −  𝑇∆𝑠𝑇

𝑛𝐹
 [𝐸𝑞. 𝐴3] 

Where welectrical, wtotal, ∆𝑔𝑇, ℎ𝑇, 𝑇, ∆𝑠𝑇, n and F are the electrical work, total work, Gibbs free energy of 

reaction, enthalpy of reaction, specific entropy of reaction, the number of electrons transferred in the 

reaction and Faraday’s constant. A lower case letter has been employed to denote that intensive 

properties are employed (i.e., values are on a per unit mole basis). The subscript T is used to denote 

that values are taken for a given temperature and pressure. The specific enthalpy and entropy at a 

given temperature are calculated by the difference between product and reactant states: 

∆ℎ𝑇 =  ∑ ℎ𝑓𝑝𝑟𝑜𝑑 − ∑ ℎ𝑟𝑒𝑎𝑐𝑡  [𝐸𝑞. 𝐴4] 

∆𝑠𝑇 =  ∑ 𝑠𝑝𝑟𝑜𝑑 − ∑ 𝑠𝑟𝑒𝑎𝑐𝑡  [𝐸𝑞. 𝐴5] 

Where Σhprod, Σhreact, Σsprod and Σsreact are the sum of the enthalpies and entropies of formation for the 

products and reactants, respectively. At room temperature (T=298K) and under standard conditions 

(pressure=1 bar), the enthalpy and entropy of formation of each reactants and products are as shown 

in Table A.1. 
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Table A.1 – standard values of the enthalpy and entropy of reaction at room temperature and standard pressure 
 

Molecule 𝒉𝒇,𝟐𝟗𝟖
𝒐  (kJmol-1) 𝒔𝒇,𝟐𝟗𝟖

𝒐  (kJmol-1C-1) 

H2 0 130.59 

O2 0 205.14 

H2O (gas) – LHV -241.83 188.83 

H2O (liquid) - HHV -285.84 70.05 

 

The values can be used to calculate the enthalpy of reaction (∆ℎ298
𝑜 ), entropy of reaction  

(∆𝑠298
𝑜 ) at room temperature and standard pressure. These values are then used to calculate the Gibbs free 

energy of reaction (∆𝑔298
𝑜 ), thermodynamic voltage (Eo) and thermodynamic efficiency (ηthermodynamic) under 

these same conditions. These values are shown in Table A.2.    

Table A.2 – calculated values based on standard conditions and room temperature. 

Temperature , T 298K 

∑ 𝒉𝒑𝒓𝒐𝒅 -285.84 kJmol-1 

∑ 𝒉𝒓𝒆𝒂𝒄𝒕 0 kJmol-1 

∆𝒉𝑻 (= 𝒉𝟐𝟗𝟖
𝒐  when T=298K and p=1bar) -285.84 kJmol-1 

∑ 𝒔𝒑𝒓𝒐𝒅 70.05 kJmol-1C-1 

∑ 𝒔𝒓𝒆𝒂𝒄𝒕 233.16 kJmol-1C-1 

∆𝒔𝑻 (= 𝒔𝟐𝟗𝟖
𝒐  when T=298K and p=1bar) -163.11 kJmol-1 

∆𝒈𝟐𝟗𝟖
𝒐  -237.2 kJmol-1 

Eo 1.23 V 

ηthermodynamic 83% 

 

This analysis can be extended for different operating temperature and pressures but requires 

consideration on the effect of temperature on the enthalpies of formation. These can be calculated 

using the following equations: 

∆𝑔𝑇 = 𝑔298
𝑜  + 𝑅𝑇𝑙𝑛(𝐾) [𝐸𝑞. 𝐴6] 
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∆ℎ𝑇 = ℎ𝑓,298
𝑜  + ∫ 𝐶𝑝𝑑𝑇

𝑇

298

 [𝐸𝑞. 𝐴7] 

∆𝑠𝑇 = 𝑠𝑓,298
𝑜 + ∫

1

𝑇
𝐶𝑝𝑑𝑇 [𝐸𝑞. 𝐴8]

𝑇

298

 

Where K is the reaction quotient and Cp is the specific heat capacity which is itself temperature-

dependent as well as being substance dependent: 

(𝐶𝑝)𝐻2
= 56.505 − 22,222.6𝑇−0.75 + 116,500𝑇−1 − 560,700𝑇−1.5 [𝐸𝑞. 𝐴9] 

(𝐶𝑝)𝐻2𝑂(𝑔) = 143.05 − 58.040𝑇0.25 + 8.2751𝑇0.5 − 560,700𝑇−1.5 [𝐸𝑞. 𝐴10] 

(𝐶𝑝)𝑂2
= 37.432 + (2010,2 × 10−5𝑇1.5) + 178,570𝑇−1.5 + 2,368,800𝑇−2 [𝐸𝑞. 𝐴11] 

From these equations it is possible to equate the relative values of ∆𝑔𝑇, ∆ℎ𝑇, ∆𝑠𝑇, Eo and 

𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐. The results are shown in Figure A.1. 
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Figure A.1 – (a) effect of operating temperature on ∆𝑔𝑇, ∆ℎ𝑇, T∆𝑠𝑇 and (b) Eo and ηthermodymaic.  
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Appendix B - Conductivity and thermal expansion data 
 

Table B.1 – Electrical conductivity data taken from literature sources. Originally presented in [95].  

Number in superscript denotes pellet sintering temp in degrees celcius. All values measured  in air (or PO2=0.21 bar) unless 
otherwise specified, S=Solid State , P=Pechini, C=Combustion, Cx=Complexing Method, GN=Glycine Nitrate, 

CP=coprecipitation, SG=Sol gel, Com.=Commercial, F.D.=Freeze Drying, Ci=Citrate, Ni-Ac=Nitrate/Acetate, Ct=Citric Acid 
Method, pyn=pyrolysis of nitrates, pre=precipitation, U=Urea route 

 ~ = estimated from graphical data, # = data is recorded in tabulated form in source, @ = composition is A-site sub-
stoichiometric. Note: some of the phase abbreviations (e.g. LNF64) are represented differently in the literature. 

Material Electrical Conductivity  TEC  
(x10-6˚C-1) 600˚C 700˚C 800˚C 

La2NiO4 
(LNO214) 

~9.8 [197]Ci / 1100 

~40 [239]S / 1200 

~57 [346]NC / 1350 

~59 [293]NC 

~60 [342]S 

~61 [347]SG / 1350 

~62.5 [348]CP / 1450 

~63 [349]FP / 1500 

~68 [241]S / 1400 

~68 [335]SG / 1400 

~74 [350]S / 1300 

~77.5 [206]P / 1150 

~80 [351]LE / 1400 

~85 [294]SG / 1400 

- 

~93 [255]GN / 1300 

~94 [352]GN/ 1320-1450 

~95 [353]PCP / 1250 

~96 [354]SG / 1300 

~8.9 [197]Ci / 1100 

~35 [239]S / 1200 

~50 [346]NC / 1350 

~53 [293]SG  

~55 [342]S 

~57 [347]SG / 1350 

~57 [348]CP / 1450 

~58 [349]FP / 1500 

~61 [241]S / 1400 

~60 [335]SG / 1400 

~71 [350]S / 1300 

~67.5 [206]P / 1150 

~70 [351]LE / 1400 

~77 [294]SG / 1400 

~86 [208]P / 1300 

~88 [255]GN / 1300 

~85 [352]GN/ 1320-1450 

~84 [353]PCP / 1250 

~85 [354]SG / 1300 

~8.1 [197]Ci / 1100 

~30 [239]S / 1200 

~46 [346]NC / 1350 

~50 [293]SG  

~51 [342]S 

- 

~50 [348]CP / 1450 

~52 [349]FP / 1500 

~54 [241]S / 1400 

~52 [335]SG / 1400 

~66 [350]S / 1300 

~60 [206]P / 1150 

~65 [351]LE / 1400 

~70 [294]SG / 1400 

~77 [208]P / 1300 

~83 [255]GN / 1300 

~76 [352]GN / 1320-1450 

~75 [353]PCP / 1250 

~76 [354]SG / 1300 

11.9 (30-1000˚C) [355] 

13.1 (50-900˚C) [356] 

12.6 (50-1000˚C) [293] 

12.6 (50-800˚C) [293] 

12.1 (50-600˚C) [293] 

13.0 (r.t.-1400˚C) [357] 

13.0 (27-1000˚C) [201] 

14-15.5 (20-1100˚C) 

[194] 

13.7 (20-900˚C) [202] 

12.6 (50-1000˚C) [353] 

13.5 (30-1000˚C) [251] 

13.3 (25-800˚C) [239] 

14.6 (50-400˚C) [294] 

11.2 (400-800˚C) [294] 

14.9 (200-850˚C) [336] 

12.9 (25-700˚C) [255] 

La3Ni2O7 
(LNO327) 

53 [197]Ci / 1100 

~60 [206]P / 1100 

~62 [311]SG / 1100? 

~100 [350]S / 1300 

- 

51 [197]Ci / 1100 

~57.5 [206]P / 1100 

~61 [311]SG / 1100? 

~93 [350]S / 1300 

~250 [208]P / 1300 

50 [197]Ci / 1100 

~52.5 [206]P / 1100 

~59 [311]SG / 1100? 

~85 [350]S / 1300 

~239 [208]P / 1300 

12.9 (40-800˚C) [311] 

11.0 (250-800˚C) [233] 

14.5 (200-800˚C) [336] 

La4Ni3O10 

(LNO4310) 
~97.7 [197]Ci / 1100 

~100 [206]P / 1050 

~100 [358]SG / 1000 

~138 [230]SG 

~235 [350]S / 1350 

- 

~89.1 [197]Ci / 1100 

~92.5 [206]P / 1100 

~96 [358]SG / 1000 

~129 [230]SG 

~195 [350]S / 1350 

~435 [208]P / 1300 

~87.1 [197]Ci / 1100 

~87.5 [206]P / 1050 

~89 [358]SG / 1000 

- 

~168 [350]S / 1350 

~400 [208]P / 1300 

 

12.6 (40-800˚C) [358] 

11.5 (250-800˚C) [233] 
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LaNiO3 
(LNO113) 

~119 [239]S/1200 

~150 [197]800 / Ci 

~393 [359]Ct 

~700 [360]1050/Ni-Ac 

~111 [239]S/1200 

~105 [197]800/Ci 

~355 [359]Ct 

~750 [360]1050/Ni-Ac 

~115 [239]S/1200 

~100 [197]800/Ci 

~309 [359]Ct 

~800 [360]1050/Ni-Ac 

10.0 (0-1100˚C) [361] 

LaNi0.6Fe0.4O3 
(LNF64) 

- 

- 

#93 [362]GN 

~115 [313]1300 

~148.4 [333]1200/GN 

- 

~182 [363]1200 / Cx 

- 

~218 [198]1250 / S 

~225 [313]1400 

- 

~260 [364]1200 / GN 

- 

- 

- 

~385 [364]1200 / GN 

#387 [365]1050 / GN 

~400 [364]1400  / GN 

~450 [364]1400 / GN 

~490 [364]1200 / CP 

~545 [324]SG 

- 

~612 [198]1400 / S 

~740 [325]1350 / Com. 

 

#33.9 [366]1000 / Ci 

#71.3 [366]1000 / U 

#87 [362]GN 

~110 [313]1300 

~141.7 [333]1200/GN 

#172.7[366]1200 / Ci 

~178 [363]1200 / Cx 

#140.8 [366]1200 / U 

~216 [198]1250 / S 

~220 [313]1400 

~236 [367]1000 / P 

~250 [364] 1200 / GN 

#313 [366]1400 / Ci 

~313 [367]1100 / P 

#343.5 [366]1400 / U 

~375 [364]1200 / GN 

#373 [365]1050 / GN 

~385 [364]1400 / GN 

~435 [364]1400 / GN 

~475 [364]1200 / CP 

~530 [324]SG 

~571 [367]1200 / P 

~597 [198]1400 / S 

~710 [325] 1350 / Com. 

 

#32.4 [366]1000 / Ci 

#71.5 [366]1000 / Ci 

#82 [362]GN 

~105 [313]1300 

~135.3 [333]1200/GN 

#166.6 [366]1200 / Ci 

~171 [363]1200 / Cx 

#135.7 [366]1200 / U 

#212 [198]1250 / S 

~215 [313]1400 

- 

#304.5 [366]1400 / Ci 

#333.5 [366]1400 / U 

- 

- 

- 

#360 [365]1050 / GN 

- 

- 

- 

~512 [324]SG 

- 

~582 [198]1400 / S 

#685 [325] 1350 / Com. 

 

11.1 (30-800˚C) [198] 

11.4 (30-1000˚C) [198] 

11.6 (20-850˚C) [361] 

11.93-12.52 (600-

1000˚C) [365] 

12.3 (r.t.-1000˚C) [368] 

12.4 (r.t.-1000˚C) [306] 

12.5 (50-900˚C) [356] 

12.7 (200-750˚C) [333] 

14.5 (50-1000˚C) [344] 

14.8 (200-800˚C) [362] 

15.26-17.22 (200-600˚C) 

[365] 

16.1 (30-800˚C) [325] 

16.0 (30-1000˚C)  [325] 

 

LaNi0.2Fe0.8O3 

(LNF28) 

~17 [198]1250 / S ~21 [198]1250 / S ~22 [198]1250 / S - 

LaNi0.4Fe0.6O3 

(LNF46) 

~100 [198]1250 / S ~107 [198]1250 / S ~111 [198]1250 / S 11.5 (30-1000˚C) [306] 

LaNi0.7Fe0.3O3 

(LNF73) 

~162 [198]1250 / S ~173 [198]1250 / S ~171 [198]1250 / S 11.7 (30-1000˚C) [306] 

LaNi0.8Fe0.2O3 

(LNF82) 

~80 [198]1250 / S ~76 [198]1250 / S ~75 [198]1250 / S - 

LaNi0.6Co0.4O3 

(LNC64) 

~369 [198]1250 / S 

~485 [324]SG 

~624 [361]1150-1250/P 

~1225 [325]1200/Com. 

~@1410 

[257]1200/GN 

~356 [198]1250 / S 

~460 [324]SG 

~602 [361]1150-1250/P 

~1225 [325]1200/Com. 

~@1350[257]1200/GN 

#345 [198]1250 / S 

~431 [324]SG 

~596 [361]1150-1250/P 

#1229 [325]1200/Com. 

~@1300[257]1200/GN 

11.9(r.t.-1000˚C) [199] 

14.3 (r.t.- 800˚C) [198] 

15.0 (r.t.-1000˚C) [198] 

15.9 (20-850˚C) [361] 

17.9 (30-800˚C) [325] 

17.5 (30-1000˚C) [325] 
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LaNi0.4Co0.6O3 

(LNC46) 

 

 

~933 [361]1150-1250/P 

~@1407 

[369]1100/GN 

~@1580 

[257]1250/GN 

~861 [361]1150-1250/P 

~@1344[369]1100/GN 

~@1500 
[257]1250/GN 

~818 [361]1150-1250/P 

~@1273[369]1100/GN 

~@1420 [257]1250/GN 

14.3 (20-850˚C) [361] 

LaNi0.3Co0.7O3 

(LNC37) 

~832 [370]1327-1397/ S - ~794 [370] 1327-1397/ S 17.3 x 10-6 (27-827˚C) 
[370] 

LaNi0.1Co0.9O3 

(LNC19) 

~977 [370]1327-1397/ S - ~1000 [370]1327-1397/ S 19.6 x 10-6 (27-827˚C) 
[370] 

LaNi0.6Cr0.4O3 

(LNCr64) 

~32.6 [198]1250 / S 

 

~32 [198]1250 / S 

 

~30 [198]1250 / S 

 

9.8 (r.t.-800˚C) [198] 

11.7 (r.t.-1000˚C) [198] 

LaNi0.6Al0.4O3 

(LNA64) 

~4.26 [198]1250 / S 

 

~4.35 [198]1250 / S 

 

~4.17 [198]1250 / S 

 

10.8 (r.t.-800˚C) [198] 

11.4 (r.t.-1000˚C) [198] 

LaNi0.6Mn0.4O3 

(LNM64) 

~9.2 [198]1250 / S 

 

~10.3 [198]1250 / S 

 

~11.1 [198]1250 / S 

 

10.2 (r.t.-800˚C) [198] 

10.8 (r.t.-1000˚C) [198] 

LaNi0.6Ga0.4O3 

(LNG64) 

~21.1 [198]1250 / S 

 

~17.3 [198]1250 / S 

 

~12 [198]1250 / S 

 

10.8 (r.t.-800˚C) [198] 

11.7 (r.t.-1000˚C) [198] 

La0.9Sr0.1Fe0.9Ni0.1O3 

(LSFN9191) 

~33 [361]1400/S ~41 [361]1400/S ~45 [361]1400/S 11.7 (20-850˚C) [361] 

La0.9Sr0.1Fe0.8Ni0.2O3 

(LSFN9182) 

~138 [361]1400/S ~152 [361]1400/S ~173 [361]1400/S 12.6 (20-850˚C) [361] 

La0.8Sr0.2Fe0.8Ni0.2O3 

(LSFN9182) 

~244 [361]1400/S ~240 [361]1400/S ~234 [361]1400/S 12.8 (20-850˚C) [361] 

La0.8Sr0.2Fe0.7Ni0.3O3 

(LSFN8273) 

- #200 [371]1200/F.D. - - 

La0.7Sr0.3Fe0.8Ni0.2O3 

(LSFN7382) 

 

~426 [361]1400/S ~419 [361]1400/S 

290 (750˚C)  [372] 

~399 [361]1400/S 13.7 (30-1000˚C) [372] 

LaCo0.8Fe0.1Ni0.1O3 

(LCFN10811) 

~513 [373]1397-1627/S 

~450 [374]1300/P 

- 

~500 [374]1300/P 

~631 [373]1397-1627/S 

~737.3 [374]1300/P 

20.8 (r.t-827˚C) [373] 

21.83 (r.t-900˚C) [374] 

LaCo0.7Fe0.1Ni0.2O3 

(LCFN10712) 

~708 [373]1397-1627/S - ~759 [373]1397-1627/S 18.6 (r.t-827˚C) [373] 

LaCo0.6Fe0.2Ni0.2O3 

(LNCF10262) 

~476 [373]1397-1627/S 

 

- ~550 [373]1397-1627/S 19.2 (r.t-827˚C) [373] 

LaCo0.5Fe0.2Ni0.3O3 

(LNCF10352) 

~447 [373]1397-1627/S - ~473 [373]1397-1627/S - 

LaFe0.8Co0.1Ni0.1O3 

(LFCN10811) 

~30 [374] 1300/P ~40 [374]1300/P ~55.6 [374]1300/P 13.42 (r.t.-900˚C) [374] 

LaNi0.8Co0.1Fe0.1O3 

(LNCF10811) 

~205 [374] 1300/P ~190 [374] 1300/P ~185 [374] 1300/P 21.69 (r.t.-900˚C) [374] 

(La0.9Sr0.1)Co0.9Ni0.1O3 

(LSNC9191) 

~966 [361]1150-1250/P ~926 [361]1150-1250/P ~866 [361]1150-1250/P 17.6 (20-850˚C) [361] 

(La0.9Sr0.1)Co0.7Ni0.3O3 

(LSNC9173) 
 

~@1621 
[369]1100/GN 

~@1500[369]1100/GN ~@1417 [369]1100/GN - 
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(La0.8Sr0.2)Co0.8Ni0.2O3 

(LSNC8282) 
 

~2270 [361]1150-

1250/P 

~@2077 
[369]1100/GN 

~1819 [361]1150-

1250/P 

~@1923[369]1100/GN 

~1634 [361]1150-1250/P 

~@1791 [369]1100/GN 

16.1 (20-850˚C) [361] 

(La0.8Sr0.2)Co0.9Ni0.1O3 

(LSNC8291) 

~1470 [361]1150-

1250/P 
~1388 [361]1150-

1250/P 
~1263 [361]1150-1250/P 16.1 (20-850˚C) [361] 

La0.7Sr0.3Ni0.1Co0.9O3 

(LSNC7319) 

~2203 [361]1150-

1250/P 

~@2182 
[369]1100/GN 

~2011 [361] 1150-

1250/P 

~@1931[369]1100/GN 

~1734 [361] 1150-1250/P 

~@1717 [369]1100/GN 

16.3 (20-850˚C) [361] 

La0.6Sr0.4Co0.2Fe0.8O3 

(LSCF6428) 

~ 330 [375]1325 ~ 320 [375]1325 ~ 280 [375]1325 17.5 (30-1000˚C) [126] 

16.8 (100-900˚C) [376] 

15.2 (100-600˚C) [375] 

17.5 (r.t -1000˚C) [126] 

La0.8Sr0.2CoO3 

(LSC82) 

~1375 [377]1250 ~1300 [377]1250 ~1240 [377]1250 19.1 (30-1000˚C) [378] 

La0.6Sr0.4CoO3 

(LSC64) 

~2200 [379]1250 ~1950 [379]1250 ~1870 [379]1250 ~19.6 (25-1000 ˚C) [380] 

20.5 (30-1000˚C) [126] 
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Appendix C - Symmetrical cell performance 
 

Table C.1 – Symmetrical cell performance of different lanthanum nickelate electrodes studied by various researchers. Partially presented in [95]. 

Cathode Config. Electrolyte 
Layers 

Cathode 
Sintering 

Temp 
( ˚C) 

Current 
Collector 

Rpol (*Denotes where values have been estimated from graphical data, bold 
text denotes were values are reference in text in the original work) [Ωcm2] 

Ref. 

500˚C 550˚C 600˚C 650˚C 700˚C 750˚C 800˚C 

LNF64-SDC  
 

SDC 1000 Ag paste - - *17 *7 2.8 *1 0.48 [301] 

LNF64  
 

SDC 1000 Ag paste   *28.14 *13.3 *6.3 *2.82 1.3 

LNF64 YSZ 1000 Ag paste   *84.5 *36.1 *17.07 *9.36 4.6 

LNF64-GDC (70:30) SSZ 1050  Pt mesh - - - - *1.363 - *0.242 [249] 

LNF64-GDC (60:40) 
| LNF64-GDC 

(70:30) | LNF64  

SSZ 1050  Pt mesh - - - - *1.009 - *0.202 

GDC-infil.-into 
LNF64 

SSZ 1050 Pt mesh - - - - *0.285 - *0.054 

Ag-infil.-into 
LNF64-SDC 

SDC 1000 Ag paste - - *1 - *0.18 - - [237] 

LNF64-SDC 
(50:50) 

SDC 1000 Ag paste   *5  *0.92 - *0.2 

LNF64 SDC 1000 Ag paste   *10.2  *2.4  *0.6 

LNO214-LNF64 
(70:30) 

BZCY 1000 Unclear - *37.5 *13 *5 *2.1 - - [335] 
 
 
 
 
 
 

LNO214-LNF64 
(50:50) 

BZCY 1000 Unclear - *42 *15 *6 *2.4 - - 

LNO214-LNF64 
(30:70) 

BZCY 1000 Unclear 
 
 

- *55 *20 *7 *3 - - 



X 
 

 

LNO214-LNF64 
(50:50) 

BZCY 1000 Unclear - *24 *11 *4 *2 - - [340] 
  

SDC-LNF64 
(50:50) 

BZCY 1000 Unclear - *38 *14 *6 *2.500 - - 

LNF64 | LNF64 
Dense Interlayer  

GDC 1100 Pt paste - - *7 *2.500 *0.900 *0.380 *0.170 [245] 

LNF64 | LSCF6428 
Dense Interlayer 

GDC 1100 Pt paste - - *5.1 *1.900 *0.800 *0.300 0.140 

LNF64 | STF 
(SrTi0.65Fe0.35O3) 
Dense Interlayer 

GDC 1100 Pt paste - - *14 *5.100 *1.700 *0.600 *0.280 

LNF64  
 
 

GDC 1100 Pt paste - - *8.000 *2.700 *1.00 *0.400 0.200 

LNF64 SDC 950 Pt grids - - *457.1 - 34.29 - *10 [343] 

LNF64-SDC | LNF-
EDB-CuO 

SDC 1100 
900 

Pt grids - - *0.66 - *0.11 - *0.03 

LNF-SDC |  
LNF-CuO  

SDC 1000 
900  

- - - 3.52 - 0.48 - - [381] 

LNF-SDC-CuO |  
LNF-CuO  

SDC 1000 
950 

- - - 2.36 - 0.38 - - 

LNF-SDC 
| LNF-YDB-CuO 

SDC 1000 
900 

- - - 0.67 - 0.16 - - 

LNF-SDC-CuO |  
LNF-EDB-CuO  

SDC 900 
900 

- - - 0.77 - 0.15 - - 

LNF-SDC |  
LNF-EDB-CuO 

  

SDC 1000 
900 

- - - 0.60 - 0.13 - - 

LNF-SDC |  
LNF-YBD 

SDC 1000 
900 

- - - 0.96 - 0.18 - - 

LNO214 | LNF64 SDC 1200 Pt mesh - - 1.46 - 0.39 - 0.13 [244] 
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1200 

LNO214 |LNF64 SDC 1300 
1250 

Pt mesh - - 0.80 - 0.18 - 0.06 

LNF64 YSZ 900 Pt mesh - - *12 *10 *4 *2 *1 [243]   

LNF64 porous | 
LNF64 dense 

YSZ 900 Pt mesh - - *1.8 *0.55 *0.25 *0.1 *0.05 

LNF64 porous | 
LNF64 dense 

GDC | YSZ 900 Pt mesh - - *1.9 *0.5 *0.2 *0.08 0.03 

LNF64  LSGM 800 Pt gauze 
& paste  

- - - - 3.19 1.22 0.51 [324] 

LNC64 LSGM 800 Pt gauze 
& paste  

- - - - 2.88 0.94 0.34 

LNF64 GDC | YSZ 850 Ag mesh - - - - 2.60 - - [382] 

LSCF-infil.-into-
LNF64 

GDC | YSZ 850 Ag mesh - - - - *0.1 - - 

LNF64-infil.-into-
LNF64 

GDC | YSZ 850 Ag mesh - - - - 0.15 - - 

GDC-infil.-into-
LNF64 

GDC | YSZ 850 Ag mesh - - - - *0.1 - - 

LSM-infil.-into-
LNF64 

GDC | YSZ 850 Ag mesh - - - - *0.575 - - 

Pr6O11-infil.-into-
LNF64 

 
 
 

GDC | YSZ 850 Ag mesh - - - - *0.06 - - 

LNF64-GDC (35:65) GDC 1000 Pt paste 
+ Au grid 

- - 22.694 7.575 *2.7 *1.1 *0.4 [383] 
 
 Cu-infil.-into-

LNF64-GDC (35:65) 
GDC 1000 

600 
Pt paste 
+ Au grid 

5.774 2.08 0.839 - - - - 

Cu-infil.-into-
LNF64-GDC (35:65) 

GDC 1000 
650 

Pt paste 
+ Au grid 

6.370 1.991 0.736 0.312 - - -- 
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Pr-infil.-into-
LNF64-GDC (35:65) 

GDC 1000 
600 

Pt paste 
+ Au grid 

0.724 0.210 0.081 - - - - 

Pr-infil.-into-
LNF64-GDC (35:65) 

GDC 
 

1000 
650 

Pt paste 
+ Au grid 

0.684 0.205 0.092 0.058 - - - 

LNC64 GDC 950 Pt paste - - *398.1 - *55.0 - *6.8 [369] 

LSCN9173 GDC 950 Pt paste - - *75.9 - *10.0 - *1.1 

LSCN8282 GDC 950 Pt paste - - *26.9 - *2.7 - *0.32 

LNC64-GDC GDC 1000 Not 
spec. 

- - *0.45 
(595 ˚C) 

*0.21 
(645 ˚C) 

*0.15 
(695 ˚C) 

*0.08 
(745 ˚C) 

*0.05 
(795 ˚C) 

[257] 

LSC64-infil.-into-
LNC64-GDC 

GDC 1000 Not 
spec. 

- - *0.29 *0.15 *0.07 - - 

LFCN10811 GDC | YSZ Not spec. Ag paste - - - *0.21 *0.16 0.14 - [374] 

LNCF10811 GDC | YSZ Not spec. Ag paste - - - *0.85 *0.63 *0.48 - 

LCFN10811 GDC | YSZ Not spec. Ag paste - - - *0.42 *0.32 *0.23 - 

LNC64-and-GDC-
infil.-into-YSZ 

YSZ 600 Pt paste 
+ Pt 
grids 

- - 0.053 - - - - [384] 

LNO214 YSZ 1000 Pt plates - *148.413 *60.340 *24.533 *14.154 *7.389 *4.263 [293] 
 LNO214 GDC 1000 Pt plates - *18.174 *10.486 *6.360 *4.055 *2.586 *2.014 

LNO214 YSZ | GDC 1150 Not 
spec. 

- - 1.300 *0.650 *0.260 *0.140 - [251] 

LNO214 SDC 1100 Pt paste. - - - - 3.820 - - [239] 

LNO214 LSGM 1000 Ag paste - - - *0.446 *0.215 *0.121 *0.077 [294] 

LNO214 YSZ 1000 Pt plates - - 54.11 30.72 15.27 7.88 2.48 [295] 

LNO214 SDC 1000 Pt paste - - *40.851 -  *6.380 -  1.640 [224] 
 LNO214 SDC 

(2%Co) 
1000 Pt paste - - 

*12.023 -  *1.687 -  0.400 

LNO214 YSZ 1100 Pt grids - - *15 *5 *1.5 *0.5 0.200 [252] 

LNO214 YSZ | GDC 1150 Pt paste - - - - - - 0.110 [246] 

LNO214 GDC 1100 Pt mesh -  -  *17.783 10.830 7.400 5.623 5.012 [247] 
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LNO214 
GDC 1100 

Pt mesh 
+ Pt 

paint 
 -  - *3.162 *1.613 1.000 *0.689 *0.510 

[247] 
 

LNO214 Dense 
layer | LNO214 

GDC 1100 Pt mesh  - -  *5.101 *2.320 1.000 *0.479 *0.222 

LNO214 SDC 900 Pt mesh  -  - 5.77 2.46 1.14 0.59 0.28 [297] 
 LNO214 SDC 950 Pt mesh  - -  16.61 6.7 2.46 1.02 0.4 

LNO214 SDC 1000 Pt mesh  -  - 11.63 5.19 2.13 1.12 0.57 

LNO214 SDC 1050 Pt mesh  - -  20.16 8.2 3.47 1.65 0.79 

LNO214 SDC 1100 Pt mesh  -  - 23.4 7.33 2.71 1.34 0.69 

LNO214 (A-site 
deficient) 

GDC 900 
Not 

spec. 
 - -  *71.421 *42.424 *27.743 *19.189 *14.968 

[298] 
 

LNO214 (A-site 
deficient) 

YSZ 900 
Not 

spec. 
 -  - *133.441 *43.109 *20.958 *9.404 *6.401 

LNO214 
LSGM 1000 

Not 
spec. 

 - -  *4.746 *1.980 *0.958  - -  

LNO214 
GDC 1100 

Not 
spec. 

 -  - 2.2 -  0.55  -   
[226] 

 

LNO214 
GDC 1150 

Not 
spec. 

 - -  2  - 0.42  - *0.15 

LNO214 
LSGM 1100 

Not 
spec. 

 -  - 4.5  - 1.42  - -  

LNO214 
LSGM 1150 

Not 
spec. 

 -  - 3.7  - 1.03  - *0.5 
[226] 

LNO214 
LSSO 1100 

Not 
spec. 

 -  - 4.4  - 0.79  - *0.2 

LNO214 
LSSO 1150 

Not 
spec. 

 -  - 9.3  - 1.73  - -  

LNO214 LWO (La5.5 
WO11.25) 

1150 Pt mesh  -  -   *30 *11 5.03 *2.5 
[299] 

LNO214 
LSGM 

1300 
 

None   -  - *6.653 *5.084 *4.297  -  - 
[250] 
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LNO214 | LNO214 
SDC 

1300 (both 
layers) 

Pt mesh  -  - 4.910  - 1.050  - 0.300 
[244] 

LNO214  
(ESD EtOH) 

GDC 950 Au grids  -  - 40.730  - 20.300  - -  
[242] 

 

LNO214 (ESD EtOH 
+ H2O) 

GDC 950 Au grids  -  - 3.330  - 1.260  -  - 

LNO214 
(screen-printed) 

GDC 
1050 
1100 

Au grids  - -  3.530  - 0.580  -  - 

LNO214 (ESD EtOH 
+ H2O) | LNO214  
(Screen Printed) 

 

GDC 
950 (ESD) 

1050 
1100 

Au grids  -  - 0.420  - 0.080  - -  

LNO214 SDC 1100 Pt paste  -  - *1.375 *0.415 *0.210 *0.100 *0.054 [255] 

LNO214 GDC 900 Au grid  -  - *1398 *950 *400 *200 *56.234 [254] 

LNO214 YSZ 900 Au grid  -  - *177.828 *54.600 *39.500 *16.750 *7.526 [254] 

LNO214 
LSGM 900 

Not 
spec. 

 - -  *31.623 *14.135 *6.780 *3.913 *2.150 
[205] 

LNO214: 
LNO113 (60:40) 

SDC 1100 

Pt paste 
and 

current 
collector 

-  -  -  -  3.280 -  -  

[239] 

LNO214: 
LNO113 (50:50) 

SDC 1100 

Pt paste 
and 

current 
collector 

 - -  -    3.840  - -  

[239] 

LNO214-GDC 
 

YSZ 900 
Not 

spec. 
 -  -  -  -  - 0.244  - 

[222] 

LNO214-GDC 
 

YSZ 1000 
Not 

spec. 
 -  -  -  -  - 0.344  - 

[222] 

LNO214-GDC 
 

YSZ 1100 
Not 

spec. 
 -  - -   -  - 0.698  - 

[222] 
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LN0214-LNO327-
LDC 

(0.3:2.2:2.5) 
 

SDC 1100 
Not clear 

- Ag 
paste? 

 -  - 1.110 *0.460 0.220 *0.110 0.060 

[336] 

LNO214:LNO4310 
(50:50) 

 
LSGM 1000 

Not 
spec. 

38.1 10.3 3.450 1.370 0.620  -  - 
[240] 

LNO214 | 50:50 
(LNO214:LNO4310) 

LSGM 

1300 
(Compact 
214 layer) 

1000 
(Composite) 

None   -  - *2.651 *1.178 *0.630  -  - 

[250] 

LNO214 | 50:50 
(LNO214:LNO4310) 

| LNO4310 
 

LSGM 

1300 
(Compact 
214 layer) 

1000 
(Composite) 

None   -  - 2.290 1.060 0.530  - -  

[250] 

LNO214 | LNF64 
 

SDC 

1473-1673K 
(FL) 

1473-1523K 
(CCL) 

-  -  - *3.500 -  *0.700  - *0.200 

[241] 

LNO214 (Solid 
State) | LNF64 

(Pechini) 
 

SDC 1200 Pt mesh  -  - 3.650  - 0.740  - 0.200 

[244] 
 

LNO214 (Solid 
State) | LNF64 

(Pechini) 
SDC 

1300 
1250  

Pt mesh  -  - 2.830  - 0.570  - 0.170 

LNO214 (Pechini) | 
LNF64 (Pechini) 

SDC 
1200 
1200 

Pt mesh  -  - 2.780  - 0.530  - 0.150 

LNO214 (Pechini) | 
LNF64 (Pechini) 

SDC 
1300 
1250 

Pt mesh  -  - 1.230  - 0.260  - 0.080 
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LNO214 (Nitrate 
Combustion) |  
LNF64 (Pechini) 

SDC 
1200 
1200 

Pt mesh  -  - 1.760  - 0.390  - 0.120 

LNO214 (Nitrate 
Combustion) |  
LNF64 (Pechini) 

SDC 
1300 
1250 

Pt mesh  -  - 1.000  - 0.230  - 0.080 

LNO214 (Nitrate 
Combustion) |  

LNF64 
(Combustion) 

SDC 
1200 
1200 

Pt mesh  -  - 1.460  - 0.390  - 0.130 

LNO214 (Nitrate 
Combustion) |  

LNF64 
(Combustion) 

SDC 
1300 
1250 

Pt mesh  -  - 0.800  - 0.180  - 0.060 

LNO214:LNO4310 
(75:25) 

GDC 1000 Au mesh  -  - 1.180 *0.447 *0.211  - -  
[385] 

LNO214:LNO4310 
(50:50) 

GDC 1000 Au mesh  -  - 0.620 *0.316 *0.178  -  - 

LNO214:LNO4310 
(25:75) 

GDC 1000 Au mesh  -  - 2.630 *1.122 *0.501  -  - 

LNO214:LNO327 
(50:50) 

GDC 1000 Au mesh  -  - 1.090 *0.482 *0.240  -  - 

LNO214:LNO4310 
(ESD) | 

LNO214:LNO4310 
(50:50) 

GDC 
1100 
1000 

Au mesh  -  - 0.500 *0.316 *0.145  -  - 

LNO214 (ESD) | 
LNO327 (Screen 

Printed) 
GDC 

950 
1000 

Au mesh  -  - 0.210 *0.110 *0.049  -  - 

LNO214 (ESD) | 
LNO4310 (Screen 

Printed) 
 

GDC 
950 

1000 
Au mesh  -  - 0.220 *0.110 *0.050  -  - 
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LNO214/GDC (Thin 
dense layer) | 

LNO214 (ESD FL) | 
LNO214 (CCL) 
Screen printed   

GDC 900 "Grid"   -  - *0.157 *0.080 *0.040  -  - 

[300] 

LNO-SDC | LNF64 + 
2wt% CuO 

Triple 
layer SSZ 

1100 (FL) 
1050 (CCL) 

Pt paste  -  - -   - -  -  0.16 
[341] 

LNO214-LSCF 
(80:20) 

SDC 1150 Pt paste  -  - *1.250 *0.372 *0.163 *0.086 *0.048 
[255] 

LNO214-LSCF 
(70:30) 

SDC 1150 Pt paste  -  - *1.000 *0.286 *0.140 *0.053 *0.038 

LNO214-LSCF 
(60:40) 

SDC 1100 Pt paste  -  - *1.635 *0.398 *0.145 *0.077 *0.045 

LNO214-LSCF 
(50:50) 

SDC 1100 Pt paste    - *1.719 *0.462 *0.162 *0.090 *0.049 

LN214-LDC45  
(Co-synthesised) 

SDC 1100 
 Not 
spec. 

 -  - -   - 0.21 0.06  - 
[334] 

LNO214-LDC45 
(Separately mixed) 

SDC 1100 
 Not 
spec. 

 - -  -   - 0.26 0.09  - 

LNO214-Infil-YSZ YSZ 850 Ag paste - - - - - 0.120 - [386] 

LNO214-infil-LSCF 
YSZ | GDC 

1150 
900 

Pt paste 
+ mesh 

- - *0.247 *0.105 0.042 0.023 - 
[253] 

LNO214-Infil-YSZ YSZ 900 Au grid - - 0.350 - - -  - [387] 
 
 

LNO214-Infil.GDC YSZ | GDC 900 Au grid - - *0.310 - - -  - 

LNO214-Infil.GDC GDC 900 Au grid - - 0.150 - - -  - 

LNO214-Infil.-into-
LSCF (6x 

infiltration) 
YSZ | GDC 

1050 (LSCF 
backbone) 
900 (after 

infiltration) 

Pt mesh - - *0.600 *0.210 *0.070 *0.030  

[388] 

LNO214 nanorods 
 YSZ 400 

Au mesh 
+ Au 
paste 

- - *1.416 *0.678 *0.337 *0.174  
[256] 
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LNO214-Infil.-into 
LSCF 

GDC 800 Pt mesh - - *4.100 *1.900 *0.800 *0.310  
[389] 

LNO327 
YSZ 1000 

Not 
spec. 

- -  *2.600 *0.970 *0.390 *0.200 
[311] 

LNO327 GDC 1000 Au mesh *17.783 *7.0795 *3.590 *1.778 *1.000 *0.501  [233] 

LNO327 
LSGM 900 

Not 
spec. 

- - *25.900 *11.273 *4.809 *2.695 *1.461 
[205] 

LNO4310 GDC 1000 Au mesh *39.810 *15.849 *6.170 *2.818 *1.500 *0.708 - [233] 

LNO4310 
LSGM 1200 

Not 
spec. 

- - *12.698 *5.451 *2.328 - - 
[240] 

LNO4310 GDC 950 Au mesh - - *372.759 *162.114 *72.410 *37.278 *18.860 [232] 
 
 
 

LNO4310 GDC 950 Au mesh - - *39.242 *19.708 *12.780 *6.629 *4.200 

LNO4310 GDC 950 Au mesh - - *6.168 *3.329 *2.210 *1.462 *0.840 

LNO4310 
GDC 

950 
1050 
1100 

Au mesh - - *1.991 *0.765 *0.300 *0.110 *0.050 

LNO4310 
LSGM 900 

Not 
spec. 

- - *27.498 *12.048 *5.106 *2.222 *1.127 
[205] 
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Appendix D - Single cell testing data from literature 
 

Table D.1 – Single cell testing of lanthanum nickelate electrodes in various studies. Current density values measured at 0.7V (i0.7V). Partially presented in [95]. 

Category Anode Electrolyte Cathode Contact Config 
(Ano/Cat) 

Current density at 0.7 V (i0.7V) [Acm-2] Ref 

550˚C 600˚C 650˚C 700˚C 750˚C 800˚C 850˚C 900˚C 

La-Ni-O 
Cmp 

 

Ni-BZCY BZCY LNO214-LNF64 
(70-30wt%)  

Ag  paste/ Ag 
paste 

0.225 0.400 0.550 0.700 - - - - [335] 

La-Ni-O 
Infil 

Ni-BZCY BZCY 31wt% LNF64-
infil-LNO214 

Not spec/Ag 
paste 

0.300 0.450 0.750 1.400 - - - - [390] 

La-Ni-O 
Cmp 

Ni-BZCY BZCY LNO214-LNF64 
(optimised) 

Not spec./Ag 
paste 

- 0.425 0.625 0.8 - - - - [340] 

LNF-Cmp Ni-BZCY BZCY LNF64-SDC Not spec./Ag 
paste 

- 0.260 0.380 0.510 - - - - [340] 

214-Cmp Ni-YSZ 
(1000 μm) 

YSZ LNO214 | LSC Ni mesh/Ag 
mesh 

- - - - - 0.357 - - [236] 

214-Cmp Ni-YSZ 
(1000 μm) 

YSZ LNO214-SDC | 
LNO214 

Ni mesh/Ag 
mesh 

- - - - - 0.430 - - [236] 

214-Cmp Ni-YSZ 
(1000 μm) 

YSZ LNO214-SDC | 
LSM 

Ni mesh/Ag 
mesh 

- - - - - 1.357 - - [236] 

214-Cmp Ni-YSZ 
(1000 μm) 

YSZ LNO214-SDC | 
LSC 

Ni mesh/Ag 
mesh 

- - - - - 2.314 - - [236] 

214-Cmp Ni-YSZ 
(500 μm) 

YSZ LNO214-SDC | 
LSC 

Ni mesh/Ag 
mesh 

- 0.500 - 1.275 - 2.714 - - [236] 

214 SP Ni-BZCY BZCY LNO214 
(nanofiber) 

Not specified 0.092 0.133 0.400 0.489 - - - - [238] 

LNF SP Ni-BZCY BZCY LNF64 
(nanofiber) 

Not specified 0.191 0.332 0.500 0.678 - - - - [238] 

214-Cmp Ni-SDC SDC LNO214-SDC Au ink/Pt ink - - - - 0.105 0.140 - - [270] 
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214-Infil. Ni-YSZ YSZ LNO214-infil-
YSZ 

Ag paste/Ag 
paste 

- - 0.322 0.500 0.746 0.959 - - [386] 

327-Infil. Ni-YSZ YSZ LNO327-infil-
YSZ  

Ag paste/Ag 
paste 

- - 0.406 0.632 0.983 1.226 - - [386] 

4310-
Infil 

Ni-YSZ YSZ LNO4310-infil-
YSZ 

Ag paste/Ag 
paste 

- - 0.356 0.589 0.857 1.101 - - [386] 

214-SP Ni-SDC SDC | 
LSGM 

LNO214 Au ink/Pt ink - 0.027 0.065 0.126 0.207 0.293 - - [268] 

327-SP Ni-YSZ YSZ LNO327 Not spec. - - 0.664 0.931 1.184 1.528 - - [311] 

214-Infil Ni-YSZ YSZ | GDC LNO214-infil-
LSCF 

Ni paste/Pt 
paste 

- - - - 0.847 - - - [253] 

214-Infil LNO214-
LSGM 

LSGM LNO214-infil-
LSGM 

Ag paste/Ag 
paste 

- 0.150 0.250 0.367 0.522 0.666 - - [267] 

214-Infil LNO214-SDC SDC LNO214-infil-
SDC 

Ag paste/Ag 
paste 

- 0.323 0.500 0.700 0.925 1.107 - - [267] 

214-SP LNO214 SDC LNO214 Ag paste/Ag 
paste 

- 0.122 0.179 0.200 0.212 0.212 - - [267] 

4310-
InfIl 

Ce-Pd-YSZ YSZ LNO4310-infil-
YSZ 

Ag paste/Ag 
paste 

0.071 0.161 0.303 0.500 - - - - [327] 

La-Ni-O 
Infil 

Ni-YSZ YSZ LNO214-infil-
GDC | LNF64 

Ni foam / Au 
grid 

- 0.250 - 1.000 - 2.000 - - [387] 

214-Cmp Ni-YSZ YSZ | GDC LNO214-GDC | 
LNO214-LSC| 

LSC 

Not spec. - - - 0.619 1.240 2.000 - - [222] 

214-SP Ni-SDC LSGM LNO214 Ag paste / Ag 
paste 

- - 0.200 0.301 0.451 0.557 - - [294] 

214-Infil Ni-YSZ YSZ | GDC LNO214-inflil-
PBSCF 

Ag paste / Pt 
paste 

- 0.289 0.508 0.722 1.108 - - - [391] 

214-SP Ni-YSZ YSZ | GDC LNO214 Not spec. - - - 0.235 - 0.625 - 1.214 [392] 

214-Infil Ni-YSZ YSZ | GDC Pr-infil-LNO214 Not spec. - - - 2.000 - 2.553 - 2.785 [392] 

214-SP Ni-SDC YSZ | SDC LNO214 Pt wire/Pt 
mesh 

- - - 0.314 0.469 0.585 - - [393] 
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214-Infil Ni-YSZ YSZ | GDC LNO214-infil-
LSCF  

Not specified 0.231 0.508 - - - - - - [394] 

La-Ni-O 
Cmp 

Ni-SDC SSZ-Triple 
layer 

LNO214-SDC-
CuO | LNF64-

CuO 

- - - - - 0.125 0.168 0.200 - [341] 

214-Infil Ni-YSZ YSZ LNO214-infil-
YSZ 

(nano-spheres) 

Au paste, grids 
(both)   

- 0.168 - 0.375 - - - - [256] 

214-Infil Ni-YSZ YSZ LNO214-infil-
YSZ 

(nanorods) 

Au paste, grids 
(both)   

- 0.230 - 0.764 - - - - [256] 

La-Ni-O 
Cmp 

Ni-SDC SDC LNO214-
LNO327-LDC 

Ag paste/Ag 
paste 

- .0.048 0.083 0.102 0.122 0.139 - - [336] 

214-SP Ni-SDC YSZ | SDC LNO214 Pt-mesh 
(Cathode) 

- - - 0.178 0.272 0.137 - - [395] 

214-SP Ni-SDC YSZ | SDC LNO214 (with 
Au-layer) 

Au-paste + Pt-
mesh 

(Cathode) 

- - - 0.184 0.44 0.44 - - [395] 

214-SP Ni-YSZ YSZ | GDC LNO214 Pt-paste + Pt-
mesh (both) 

- - 0.303 0.567 0.947 1.397 - - [396] 

214-Cmp Ni-SDC SDC LNO214-LDC Ag-paste 
(both) 

- - - 0.091 - 0.117 - - [334] 

214-Cmp LST YSZ LNO214 | LSC Stainless 
Steel/Pt mesh 

- - - 0.143 0.229 0.336 - - [342] 

4310-SP Not specified YSZ LNO4310 Ag paste/Ag 
paste 

- - 0.581 0.921 1.221 1.529 - - [358] 

Other Ni-GDC LSGM | 
LDC 

LNC64 Pt gauze & 
paste / Pt 

gauze & paste  

- - - - 0.310 0.690 1.080 - [324] 

LNF-SP Ni-GDC LSGM | 
LDC 

LNF64 Pt gauze & 
paste / Pt 

gauze & paste  

- - - - 0.380 0.490 0.850 - [324] 
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Other  LNF-YSZ + 
LNF-ScYSZ 

GDC LNC64-GDC Ni mesh/Au 
mesh 

- - - - 1.280 - - - [257] 

Other LNF-YSZ + 
LNF-ScYSZ 

GDC LSC-infil-LNC64-
GDC 

Ni mesh/Au 
mesh 

- - - - 1.480 - - - [257] 

LNF-SP Ni-SASZ SASZ LNF64 Pt mesh/ Pt 
mesh 

- - 0.500 0.900 1.250 2.000 - - [323] 

LNF-SP Ni-YSZ SASZ LNF64 Pt mesh / Pt 
mesh 

- - - - 0.380 0.600 - 0.660 [397] 

LNF-Cmp Ni-BZCY BZCY LNF64-BZCY Ag paste / Ag 
paste 

0.100 0.275 0.525 0.800 - - - - [344] 

LNF-SP Ni-YSZ YSZ LNF64 Ag paste / Ag 
paste 

- - - - - 0.125 - - [243] 

LNF-Cmp Ni-YSZ YSZ LNF (FL) | LNF 
(porous) 

Ag paste / Ag 
paste 

- - - - - 0.240 - - [243] 

LNF-Cmp Ni-YSZ YSZ GDC | LNF64 
(FL) | LNF 
(porous) 

Ag paste / Ag 
paste 

- - - - - 0.265 - - [243] 

LNF-SP Ni-SDC SDC LNF64 Not spec./Ag 
paste 

- - - 0.035 - - - - [398] 

LNF-Infil Ni-SDC SDC LNF64-infil-BSC Not spec./Ag 
paste 

- - - 0.110 - - - - [398] 

LNF-SP Ni-YSZ YSZ | SDC LNF64 Ni grids & 
gauze / Pt 
grids and 

gauze 

- - 0.175 0.425 0.750 - - - [372] 

Other Ni-YSZ YSZ | SDC LSNF7382 Ni ink and 
gauze / Pt ink 

and gauze 

- - 0.150 0.350 0.750 - - - [372] 

LNF-Cmp Ni-BZY BZY LNF64-BZY Not specified - 0.060 0.150 0.300 - - - - [345] 

LNF-Infil Ni-YSZ | Ni-
ScSZ 

ScSZ LNF64-infil-GDC  Ag mesh + Ni 
paste / Ag 

mesh + LSC 

- - - 0.700 1.200 1.500 - - [262] 
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LNF-Infil LNF-YSZ YSZ LNF64-infil-YSZ Ag paste/Not 
clear 

- - 0.250 0.540 1.040 1.360 - - [399] 

LNF-Infil Pd-infil-YSZ YSZ LNF64-infil-YSZ 
 

Ag paste/Ag 
paste 

- - - 0.480 - - - - [400] 

Other Pd-infil-YSZ YSZ LSNF910964-
infil-YSZ 

Ag paste/Ag 
paste 

- - - 0.465 - - - - [400] 

Other LSNF8273-
GDC 

LSGM | 
GDC 

LSNF8273-GDC Pt ink & mesh/ 
Pt ink & mesh 

- - 0.180 0.290 0.410 0.700 - - [371] 

Other Ni-YSZ YSZ | GDC LSNF5808020 Ni mesh/ Pt 
mesh 

- 0.170 - 0.520 - 1.030 - - [401] 

LNF-Cmp Ni-YSZ YSZ | YDC LNF64-EDB | 
LNF64-EDB-

3%CuO 

Pt paste / Pt 
grid 

- - - - 0.763 - - - [343] 

LNF-Cmp Ni-YSZ YSZ | YDC LNF64-SDC | 
LNF64-EDB-

3%CuO 

Pt paste / Pt 
grid 

- - - - 0.892 - - - [343] 
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Appendix E - XRD Data 
 

 

Figure E.1 – XRD data taken from scans of (a) commercial LSCF6428 and (b) Pechini-synthesised LSCF6428 compared with 
(c) data from the ISCSD database (ICSD#186173) 
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Figure E.2 - Attempts to synthesise LNF64 via solid-state route at (a) 1000˚C, (b) 1100˚C and (c) 1200˚C 
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Figure E.3 – Attempts to synthesise LNO4310 via solid-state route at (a) 1000˚C, (b) 1100˚C and (c) 1200˚C 
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Appendix F - Symmetrical cell data 
 

 

Figure F.1 –symmetrical cell testing data (Nyquist plots) for commercial LSCF6428 electrodes tested in this work (a-c) 
electrodes sintered at 1000˚C and (d-f) electrodes sintered at 1150˚C [tests without CCL] 
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Figure F.2 - complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNO214 electrodes tested in this 
work (a-c) electrodes sintered at 1000˚C, (d) 1050˚C, (e) 1100˚C and (f-h) electrodes sintered at 1150˚C  [tests without CCL] 
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Figure F.3 - complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNO327 electrodes tested in this 
work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 1150˚C  [tests without CCL] 
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Figure F.4 – complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNO4310 electrodes tested in this 
work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 1150˚C  [tests without CCL] 
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Figure F.5 - complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LNF64 electrodes tested in this 
work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 1150˚C  [tests without CCL] 
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Figure F.6 - complete symmetrical cell testing data (Nyquist plots) for Pechini-synthesised LSCF6428 electrodes tested in this 
work (a-c) electrodes sintered at 1000˚C and (d-f) electrodes sintered at 1150˚C  [tests without CCL] 
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Figure F.7 - Effect of Au-CCL on electrodes sintered at 1150˚C; (a, b) LNO214, (c, d) LNO327, (e, f) LNO4310). Panels on the 

left show Nyquist results. Panels on the right show Ro and Rpol Arrenhius plots. 
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Figure F.8 - Effect of Au-CCL on electrodes sintered at 1150˚C; (a, b) LNF64, (c, d) commercial LSCF6428. Panels on the left 
show Nyquist results. Panels on the right show Ro and Rpol Arrenhius plots. 
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Appendix G - Single cell data 
 

 

Figure G.1 - Voltage-current and impedance data for LNO214 electrodes sintered at (a, b) 1000˚C, (c, d) 1050˚C, (e, f) 
1100˚C, (g, h) 1150˚C,   
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Figure G.2 - Voltage-current and impedance data for LNO327 electrodes sintered at (a, b) 1000˚C, (c, d) 1100˚C, (e, f) 
1150˚C. 
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Figure G.3 - Voltage-current and impedance data for LNO4310 electrodes sintered at (a, b) 1000˚C, (c, d) 1050˚C, (e, f) 
1100˚C, (g, h) 1150˚C 
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Figure G.4 - Voltage-current and impedance data for LNF64 electrodes sintered at (a, b) 1000˚C, (c, d) 1050˚C, (e, f) 1100˚C, 
(g, h) 1150˚C. 
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Figure G.5 – Kramers-Kronig residuals for lanthanum nickelate electrodes sintered at 1150˚C 
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Figure G.6 – Attempt to identify processes via DRT analysis of single cells with La2NiO4+δ  electrode sintered at 1150˚C (part 1 
– effect of temperature); (a, b) EIS spectra in two different temperature ranges, (c, d) corresponding DRT spectra, (e, f) 

Arrhenius plots to identify which processes (P1-P4) are impacted by temperature  

 

 

 

 

 



XLI 
 

 

Figure G.7 - Attempt to identify processes via DRT analysis of single cells with La2NiO4+δ  electrode sintered at 1150˚C (part 2 
– effect of gas pressures); (a, b) EIS spectra in variable oxygen-nitrogen and hydrogen-nitrogen environments, respectively, 

(c, d) corresponding DRT spectra, (e, f) plots to identify which processes (P1-P4) are impacted by p(O2) and which are 
impacted by p(H2). [Note: this analysis does not successfully identify the processes that are impacted by changes to the 

partial pressure of oxygen only and it is, therefore, not possible to identify the oxygen electrode contribution].  
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Appendix H - LDCX Reactivity with LNO214 (1100˚C) 
 

 

Figure H.1 - Reactivity test of La2NiO4+δ and La0.10Ce0.90O2; XRD results of (a) 50:50 mass% mix of materials prior to heating 
and (b) after heating to 1100˚C for 4 hours.  
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Figure H.2 - Reactivity test of La2NiO4+δ and La0.35Ce0.65O2; XRD results of (a) 50:50 mass% mix of materials prior to heating 
and (b) after heating to 1100˚C for 4 hours.  
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Figure H.3 - Reactivity test of La2NiO4+δ and La0.40Ce0.60O2; XRD results of (a) 50:50 mass% mix of materials prior to heating 
and (b) after heating to 1100˚C for 4 hours.  
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Figure H.4 - Reactivity test of La2NiO4+δ and La0.45Ce0.55O2; XRD results of (a) 50:50 mass% mix of materials prior to heating 
and (b) after heating to 1100˚C for 4 hours.  
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Appendix I - Explainer of box and whisker plots 
 

 

Figure I.1 – Overview/explainer of box and whisker plot. The upper quartile represents the median of the upper half of the 
dataset. The lower quartile represents the median of the lower half of the dataset.   
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