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ABSTRACT 
 
 

The aim of this PhD study was to investigate degradation of the LSM-YSZ 
cathode of anode supported Ni-YSZ/YSZ/LSM-YSZ solid oxide fuel cells.  
 
The chosen cathode materials LSM25 and 8YSZ were investigated for their 
compatibility and stability, to confirm that expansion/contraction or 
decreasing conductivity would not be a problem during degradation 
experiments of the cells. The experiments carried out for this purpose 
include x-ray diffraction, conductivity and dilatometry. 
 
LSM-YSZ/YSZ/LSM-YSZ symmetrical cells were prepared and 
investigated by means of electrochemical impedance spectroscopy, at 
different operating conditions. An equivalent circuit was developed for the 
symmetrical cell, describing the processes taking place at the LSM-YSZ 
cathode. This equivalent circuit was applied in degradation studies, where 
the processes affected by degradation over time could be pinpointed. 
Furthermore, it was discovered that impurities in air cause significant 
degradation of the cathode. Humidity was found to increase the degradation 
rate, but other impurities might also be present and increasing degradation. 
 
Then the anode supported Ni-YSZ/YSZ/LSM-YSZ single cells were 
prepared and tested. It was found that at the applied operating conditions the 
impedance data could not be deconvoluted as anode and cathode processes 
were overlapping. Nonetheless it appeared that at OCV the degradation of 
the cathode is similar for symmetrical and single cells. Under current 
degradation was significantly lower, so real performance and degradation 
data can only be obtained on single cells as symmetrical cells can only be 
tested at OCV. For single cells degradation caused by impurities from air 
was also observed. 
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CHAPTER 1 
 

Introduction 
 

 

 









Some perovskites tested as cathode material in SOFCs are cobaltites, ferrites 
and manganites. Cobaltites, for example lanthanum cobaltite and lanthanum 
strontium cobaltite have shown good initial performances, but show fast 
degradation due to reactivity with YSZ, the most common electrolyte 
material. Ferrites, have shown good performance when combined with 
ceria-based electrolytes. One of the most popular ferrites, LSCF, lanthanum 
strontium cobalt ferrite, has low polarisation losses due to it being a mixed 
ionic electronic conductor; however, degradation remains an issue to be 
resolved. An extensively investigated cathode material for high temperature 
SOFC application is the lanthanum manganite-based materials. Degradation 
is found to be less severe for lanthanum manganite and the thermal 
expansion coefficient matches well with that of YSZ. Nonetheless, several 
improvements had and have to be made to make lanthanum manganites 
suitable for application in an SOFC. One of the issues is the fact that 
lanthanum manganites reacts with YSZ to form zirconates, which posses a 
low conductivity and therefore cause degradation of the cell, especially at 
higher temperatures. Approaches to inhibit zirconate formation are lowering 
of the calcination and operation temperature, and shortening the time of 
calcination. Furthermore, preparation of slightly A-site deficient LSM 
perovskites proved to inhibit zirconate formation further. 
A second issue was the low electronic conductivity of pure LaMnO3. This 
was solved by doping LaMnO3 with other cations, of which strontium has 
shown to increase the electronic conductivity most. Another issue is the fact 
that lanthanum strontium manganites (LSM) have a high polarisation 
resistance, especially at lower temperatures. One of the paths to decrease 
this resistance was to mix the LSM cathode material with the YSZ 
electrolyte material, to form a composite cathode, showing highly improved 
performance. By optimising the composition and microstructure of the 
LSM-YSZ composite cathodes, further improvement can be expected. 
 
1.3 Electrochemical Impedance Spectroscopy 
One of the most important techniques to study the performance and 
degradation of solid oxide fuel cells is electrochemical impedance 
spectroscopy (EIS). EIS is a very effective technique for basic performance 
testing of new types of cells, materials in the cell, and reproducibility 
studies. Moreover, it is a powerful tool for increasing understanding the 
processes in the cathode, anode and electrode, leading to losses in the fuel 

 11 







However, often it is possible to design many different equivalent circuits, 
which all lead to a good fit of the experimental data. Moreover, for SOFCs 
often different processes are overlapping with respect to time-scale and so 
the development of an equivalent circuit is a complex matter. Whenever 
developing an equivalent circuit it is therefore important to be able to 
ascribe the different elements to certain physical processes. This can be 
done by recording several impedance spectra at e.g. different temperatures 
and gas compositions and by examining the system by other techniques 
besides EIS. Further understanding of the data and development of an 
equivalent circuit can be reached by several methods. First of all there are 
many ways of displaying the impedance data, amongst other the Nyquist 
and Bode plots, in various forms [5]. These plots may each reveal a different 
feature of the data and therefore it is important to consider which 
representation(s) are chosen. Secondly, distribution of relaxation times 
(DRT) is a useful method of analysis to deconvolute impedance data, 
developed by Schichlein et al. [6]. When applying DRT, a Fourier transform 
is applied on the data, and the transformed data plot will have a higher 
degree of separation between the processes. Therefore the resulting plot can 
be of great help in determination of the number of processes involved in the 
electrochemical system, and their magnitude. The shape of the peaks 
reflects the nature of the underlying process, and this information can be 
used to guide the selection of constituent circuit elements for the equivalent 
circuit. Another useful analysis technique is called ADIS: analysis of 
differences in impedance spectra, developed by Jensen et al. [7]. By 
mathematically comparing two impedance spectra, recorded at different 
operating conditions, the summit frequency of different processes can be 
revealed. 
Once a satisfactory equivalent circuit is developed the values of each of the 
element and therefore processes can be fitted using a complex nonlinear 
least squares (CNLS) fitting procedure, for example using Zview or 
ZSimpWin. 
 
1.4 Project motivation 
Many questions remain on the performance and degradation of SOFCs. Eve 
though cathode degradation is considered to be smaller than degradation of 
other parts of the SOFC, it is important to gain more knowledge about this 
issue and find possibilities to minimise cathode degradation. In this PhD 
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CHAPTER 2 
 

LSM25-8YSZ Material studies 
 

 

 









 
Figure 2.1. X-ray diffractogram of LSM25 and silicon at room temperature, 
matched with La0.65Sr0.35MnO3 from the ICDD database (red lines). 

 

 
Figure 2.2. Main peak of the X-ray diffractograms obtained for LSM25 and silicon 
at 750 (black), 800 (red), 850 (blue), 900 (green), 950 (pink) and 1000 °C (brown).  

 21 



 

sintered at 1050 and 1200 °C and both fresh and tested were all like the 
diffractogram of the LSM25 powder (Figure 2.1). 
 
2.3.3 Dilatometry 
The thermal expansion coefficient (TEC) was determined for LSM25 and 
LSM25-YSZ bars in the temperature interval from 50 to 800 °C. The TEC 
for LSM25 was 12.1 ± 0.5 [·10-6 /K] (based on two bars) and the TEC of 
LSM25-YSZ was 11.7 [·10-6 /K] (based on one bar). The effect of variations 
in gas flow during dilatometry experiments was investigated, while all other 
parameters were kept constant, and the result is shown in Figure 2.5. An 
almost immediate expansion was observed upon gas flow increase and a 
contraction was visible upon gas flow decrease. The expansion when 
increasing the gas flow from 100 to 200 ml/min corresponds with a thermal 
expansion caused by a temperature increase of 8 °C. Immediately after 
changing the gas flow a small temperature decrease of ~ 0.1 °C was 
observed, but this temperature change returned to its initial value rapidly. 
The length of the bar returned to its initial value when the gas flow was 
returned to its initial value. Preliminary dilatometry at low pO2; down to ~ 
1.5·10-4 bar, at several temperatures on a LSM25 bar, sintered at 1200 °C 
was performed. The result at 850 °C is shown in Figure 2.6. A contraction 
of the bar was observed upon decreasing pO2. 
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Figure 2.3. X-ray diffractograms of LSM25-YSZ bars at room temperature; 
fresh bar (blue), tested bar (red). 
 

 
Figure 2.4. Part of the x-ray diffractograms of LSM25-YSZ bars at room 
temperature; fresh bar (blue), tested bar (red), main peak position of lanthanum 
zirconate (green), main peak position of strontium zirconate (black). 
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Figure 2.5. Length change of a LSM25 bar (sintered at 1200 °C) at 850 °C, while 
changing the gas flow (air) from 100 to 200 to 50 and back to 100 ml/min. The 
green line shows the relative length of the bar, the red line shows the temperature 
as measured by the thermocouple placed ~ 1 mm above the bars. 
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Figure 2.6. Length change of a LSM25 bar (sintered at 1200 °C) at 850 °C, while 
changing pO2. 
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Figure 2.7. Conductivity of a LSM25-YSZ bar (sintered at 1200 °C) in air, 
as a function of time. Data obtained measuring both the forward and reverse 
conductivity through the bar. 
 

TABLE 2.II. Conductivity at 850 °C in air, for LSM25 
and LSM25-YSZ bars, sintered at 1200 or 1050 °C. 
Sample (bar) T sintering Conductivity 
 °C S/cm 
LSM25 1200 220 
LSM25 1050 111 
LSM25-YSZ 1200 31 
LSM25-YSZ (repro) 1200 20 
LSM25-YSZ 1050 2.4 

 

2.3.4 Conductivity 
The conductivity as a function of temperature for the LSM25-YSZ bar, 
sintered at 1200 °C, is shown in Figure 2.7. A similar trend for the 
temperature dependence of the conductivity was observed for all LSM25 
and LSM25-YSZ bars, although each bar had its own values for the 
conductivity. The conductivity for each of the tested bars at 850 °C is given 
in Table 2.II. Furthermore, changes in the conductivity with time were 
recorded for several hundred hours on the LSM25-YSZ bars. The procentual 
change in conductivity over time, at several temperatures, for three LSM25-
YSZ bars is shown in Figure 2.8. 
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Figure 2.8. Conductivity of LSM25-YSZ bars (sintered at 1050 or 1200 °C), as a 
function of time, the temperature of conductivity testing is shown at each of the 
lines. 
 

Two LSM25 bars, one sintered at 1050 °C, the other at 1200 °C, were 
subjected to changes in partial oxygen pressure. The results are shown in 
Figure 2.9 and 2.10. A clear, reversible decrease of the conductivity for the 
LSM25 bar sintered at 1050 °C with decreasing pO2 was observed. Possible 
observation of a decreasing conductivity with decreasing pO2 for the bar 
sintered at 1200 °C was considered to be within experimental error. 
 

 
Figure 2.9. Conductivity (black) of a LSM25 bar (sintered at 1050 °C), at 850 °C 
under different partial oxygen pressures. On the secondary y-axis the pO2 (grey) is 
monitored. 
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Figure 2.10. Conductivity (black) of a LSM25 bar (sintered at 1200 °C), at 850 °C 
under different partial oxygen pressures. On the secondary y-axis the pO2 (grey) is 
monitored. 
 
2.4 Discussion 
 
2.4.1 Density of LSM25 and LSM25-YSZ bars 
The density of both the LSM25 and LSM25-YSZ bar, sintered at 1200 °C, 
when determined by the Archimedes method and the method based on 
determination of the dimensions and weight of the bar, was to be same, 
within experimental error. The fact that both methods led to similar results, 
indicates that the bars sintered at 1200 °C are dense, at least no significant 
amount of open pores were accessible for liquid to enter. The bars sintered 
at 1000 °C and 1050 °C were porous, as the results for the density were 
different for each of the applied measuring methods. The density determined 
by the Archimedes method was significantly higher than the one determined 
based on measuring the dimensions and weight of the bars. The method 
using the dimension and weight of the bar led to the total porosity of the 
bars. The density determined by the Archimedes method provided more 
information on the proportion of open pores that are penetrated by the 
applied liquid, compared to the closed and non-accessible open pores 
available in the bar. 
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2.4.2 X-ray diffraction 
The collected x-ray diffractograms for LSM25 and silicon powder showed 
the expected pattern (Figure 2.1). No phases other than LSM and silicon 
were observed. Furthermore, when increasing the temperature from 750 to 
1000 °C, no phase change for LSM25 occurred. The peaks did however 
shift to lower angles and their intensity decreased, while increasing the 
temperature. These changed can be explained, at least for the most part, by 
expansion of the material at increasing temperature. All four LSM25 bars, 
both fresh and tested, both sintered at 1050 and 1200 °C, showed the 
expected x-ray diffraction pattern and were identified as single phase LSM. 
The LSM25-YSZ bars also showed the expected XRD pattern and were 
matched with LSM and YSZ single phases. Possibly however for these 
mixed bars some lanthanum- or strontium zirconate (LZO and SZO) phases 
might have formed, either during sintering, or during extensive conductivity 
and/or dilatometry testing. Therefore in Figure 2.4, the part of the XRD 
pattern is shown in which the main peaks for LZO and SZO are expected. 
The LSM25-YSZ bars, sintered at 1050 °C, both fresh and tested for 
conductivity are shown, along with the peak positions of LZO and SZO. 
LZO and SZO peaks were not observed above background level for either 
of the bars, indicating that these phases have not formed, at least in 
sufficient amount to be observed in XRD (>3%). Furthermore, there was no 
LZO or SZO, nor any other secondary phases observed by XRD for the 
LSM25-YSZ bars sintered at 1200 °C either. 
 
2.4.3 Dilatometry 
The thermal expansion coefficient (TEC) was determined for LSM25 and 
LSM25-YSZ bars in the temperature interval from 50 to 800 °C. The TEC 
for LSM25 was 12.1 ± 0.5 [·10-6 /K] (based on two bars) and the TEC of 
LSM25-YSZ was 11.7 [[·10-6 /K] (based on one bar). In Table 2.III the 
values for TEC determined in this study and TEC values found in literature 
are listed. The TEC for LSM25 as determined in this study is at the high end 
compared to values found in literature [1-4]. As expected from the lower 
TEC value of YSZ compared to that of LSM25, the LSM25-YSZ mixed bar 
was determined to have the lower TEC. 
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When extending the dilatometry experiments, it would be very interesting to 
investigate the stability of the materials when applying several ‘redox’ 
cycles of high and low amounts of oxygen in the atmosphere. These 
experiments can confirm whether or not the SOFC will be stable under 
harsh operation conditions. 
 
2.4.4 Conductivity 
The shape of the curves observed for the change in conductivity with 
temperature of all LSM25 and LSM25-YSZ bars was similar to that found 
in literature [5]. Berenov et al. [5] found a conductivity of 190 S/cm at 850 
°C for La0.8Sr0.2MnO3 sintered at 1000 °C for 10 hours. In this study the 
conductivity for LSM25 at 850 °C was observed to be 111 S/cm, for the bar 
sintered at 1050 °C for 2 hours. The discrepancy compared to literature 
could be caused by several factors. The first factor is the preparation of 
LSM, which has a significant influence on the conductivity [3]; for example, 
Li et. al. [6] have found conductivities for LSM ranging from 40 to 486 
S/cm at 1000 °C, depending on the preparation procedure. Another factor is 
that the density for the bars studied by Berenov et al. [5] was different from 
the bar studied here, as the preparation of the bars and sintering profiles 
were different. 
When replacing half of the LSM25 by YSZ the conductivity decreased; to 
20-31 S/cm, for bars sintered at 1200 °C. This factor ~ 10 decrease in 
conductivity is caused by the fact that YSZ has a very low electrical 
conductivity and the percolation of LSM25 in the bar is low due to porosity 
of the bar. Furthermore, it was observed that the conductivity decreased 
with decreasing sintering temperature. The conductivity was a factor of 2 
lower for the LSM25 bar sintered at 1050 °C, compared to the bar sintered 
at 1200 °C. In case of the LSM25-YSZ bar the conductivity even decreased 
by a factor of ~ 10 when decreasing the sintering temperature. The decrease 
in the conductivity is as expected with increasing porosity. The greater 
decrease of the conductivity for the LSM25-YSZ bar could be explained by 
the additional decrease of the percolation of the LSM25 phase with 
increasing porosity. Observing the change in conductivity over several 
hundreds of hours (Figure 2.8); the LSM25-YSZ bar, sintered at 1050 °C, 
showed an increasing conductivity with time at 847 °C. This increase was 
possibly caused by further sintering of the bar at this temperature, increasing 
the percolation and thereby the conductivity. It appears that for LSM25-
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CHAPTER 3 
 

Characterization of LSM-YSZ SOFC cathodes by 
Electrochemical Impedance Spectroscopy 

 
 

Abstract 
 

This chapter reports a detailed electrochemical study of composite LSM-
YSZ solid oxide fuel cell cathodes. LSM-YSZ cathodes were manufactured 
by screen-printing and tested in a symmetrical cell configuration. 
Impedance spectra of the symmetrical cells were recorded in the 
temperature range 450-850 °C, at various oxygen partial pressures. The 
collected impedance data was analyzed by calculating the distribution of 
relaxation times (DRT), and the DRT results were used to guide the 
selection of an equivalent circuit. Non-linear complex least squares fitting of 
the data, to the chosen equivalent circuit, was used to determine the relevant 
physical parameters associated with each circuit element. This way the data 
was separated into impedance contributions assigned to interfacial oxygen 
ion transfer from YSZ in the cathode to YSZ in the electrolyte, oxygen ion 
transport in the cathode YSZ matrix, co-limited diffusion and dissociative 
adsorption of oxygen on LSM, and oxygen gas diffusion. Capacitances were 
interpreted in terms of interfacial and chemical contributions.  
 





However, understanding the impedance response from electrodes is 
challenging as several physical processes are limiting the rate of the oxygen 
reduction reaction. As the timescale of the physical processes often overlap, 
especially for porous, composite electrodes; they are difficult to separate. 
Even more difficult is to elucidate the reaction mechanisms involved in the 
cathode, for which the use of model, dense film or point-contact, electrodes 
is better suited [1]. 
Therefore the aim of this study is to establish a physically meaningful 
description the impedance response from porous LSM-YSZ electrodes at 
relevant temperatures and partial oxygen pressures, and not to establish the 
reaction mechanisms taking place in the porous LSM-YSZ electrode. The 
resulting physically meaningful model will allow pinpointing of the 
process(es) that lead to the largest losses, or those that are most affected by 
degradation or deactivation with time. These process(es) can then be placed 
in focus for the development of improved and more durable cathodes. 
 
In this chapter, LSM-YSZ electrodes were studied by electrochemical 
impedance spectroscopy, in a symmetrical cell (two-electrode) 
configuration at open circuit voltage (OCV), and at different temperatures 
and oxygen partial pressures. The symmetrical cell configuration was 
chosen to minimize the number of processes to be considered, by 
investigating the cathode and electrolyte, but not the anode materials. This 
choice, places this study in the low-overpotential regime, as measurements 
were carried out at zero dc bias and with a perturbation amplitudes in the 
range of 0.9-1 mA for a representative sample (0.6 cm2) at 650-850 °C. It 
was proposed that the reaction mechanism changes depending on the 
overpotential applied [11]. At low overpotential, LSM behaves like Pt, 
where oxygen species are transported via the surface to the triple phase 
boundary (TPB). At high overpotential LSM becomes reduced, creating 
oxygen vacancies. Therefore oxygen species can be transported though the 
bulk of the LSM toward the TPB, and the mechanism becomes like that of 
mixed ionic and electronic conductors [11]. 
The obtained EIS data was first analyzed by calculating the distribution of 
relaxation times (DRT) [12], which was used qualitatively to guide the 
selection of the number, the type and the relaxation frequency, of elements 
for the equivalent circuit. Subsequently, analysis of the EIS data was carried 
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Impedance data were analyzed using both Zview 2 and ZSimpWin 3.21. 
Zview 2 is commercially available software from Scribner Associates, Inzc. 
and ZSimpWin 3.21 from EChem Software. Both programs include a 
complex nonlinear least square fitting routine. 
 
3.3 Results and discussion 
Nyquist representations of the obtained impedance data at 650 °C are shown 
in Figure 3.1a. Figure 3.1b shows the corresponding DRT spectra.  
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igure 3.1. Impedance spectra obtained on a LSM-YSZ/YSZ/LSM-YSZ 

0.0

0.5

1.0

1.5

2.0

2.5

1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Frequency (Hz)

D
R

T
, g

(f
) 

(O
h

m
 s

)

1 bar

0.21 bar

0.1 bar

D

A

B

C(b) 
 
 
 
 
 
 
 
 
 
 
F
symmetrical cell, at 650 °C and various partial oxygen pressures; (a) Nyquist 
representation; (b) corresponding DRT spectra. 
Equivalent circuit development. An equivalent circuit was developed for the 
LSM-YSZ/YSZ/LSM-YSZ symmetrical cells. First of all, the inductance, L, 
of the experimental setup was included in the equivalent circuit. Second, the 
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n-value could mean that a finite Warburg or a Gerischer element could 
describe the arc more accurately; however this was not the case here. 
Qualitative DRT analysis indicates that the arc possibly consist of two 
separate arcs, as seen mainly at lower temperatures and pO2. However, this 
is possibly a second arc related to arc C. Furthermore, separation into two 
arcs did not lead to consistent CNLS fits, either because one of the arcs is 
already described by the Gerischer element for arc C, or because the arcs are 
small and CNLS fitting is not able to separate them at the right summit 
frequency. Therefore it was decided to describe the arc by a single RQ 
element with an n-value of 0.5.  
A third arc (C) is located in the intermediate frequency region, 50 to 2000 
Hz. At most conditions investigated, this arc is the dominant feature in the 
impedance spectrum. The summit frequency shifts to higher frequencies 
with both increasing temperature and pO2. Furthermore, arc C was observed 
to be asymmetric at all investigated conditions, indicating that the 
contribution has to be fitted using a more complex equivalent circuit 
element than an RC or RQ element [16]. The intermediate frequency 
contribution becomes more dominant at lower temperatures, so an 
impedance spectrum of the symmetrical cell was obtained at 450 °C 
artificial air.  
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Figure 3.2. Nyquist representation of the impedance spectra obtained on a LSM-
YSZ/YSZ/LSM-YSZ symmetrical cell, at 450 °C in 0.21 bar oxygen partial 
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The Nyquist representation of this spectrum is shown in Figure 3.2. Two 
large sem
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Figure 3.4. Impedance spectra obtained on a LSM-YSZ/YSZ/LSM-YSZ 
symmetrical cell, at 650 °C and 0.21 bar and the CNLS fits obtained by applying 
the equivalent circuit depicted in Figure 3.3; (a) Nyquist representation; (b) 
corresponding DRT. 
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This element was found to depend strongly on pO2, but to be virtually 
independent of temperature and is caused by gas-phase diffusion of oxygen, 
mainly across a stagnant layer outside the electrode. At low frequencies, 
some authors [15, 23, 27] have also observed an inductive loop. 
Furthermore, at very high frequencies (above 10 kHz), under certain 
conditions, another process was observed by Jørgensen et al. [15] and Jiang 
et al. [3]. Jiang et al. observed that this process has an (almost) pure 
capacitance, of around 3.5 to 5.3·10-6 F/cm2 at 700 °C. Mitterdorfer and 
Gauckler [32] observed the presence of a double layer capacitance of around 
1.3·10-6 F/cm2 for an unsintered YSZ/LSM interface. Sintering the sample 
would increase the capacitance slightly. Under comparable conditions, YSZ 
grain boundary resistance has a capacitance of a factor 100 lower [3], and a 
summit frequency of around 40 MHz [15], excluding it as a possible 
explanation of the process. 
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Physical explanation of the equivalent circuit 
Arc A was observed at very high frequency, increasing upon temperature 
increase, its summit frequency found at 140 kHz at 600 °C up to 900 kHz at 
750 °C. At temperatures above 750 °C the arc moved outside the frequency 
range determined experimentally. The activation energy was calculated to 
be 1.22 to 1.27 eV. However, the slope of the Arhennius plot (Figure 3.5) 
was not linear. Possibly this was caused by an error in the fitting of the arc. 
Like arc B it was independent of pO2. Only Jørgensen et al. [15] and Jiang 
[3] have observed arc A previously. Jørgensen points out that arc A is often 
overlapping with arc B, the latter being more dominant. Also, as observed 
here, arc A shifts to higher frequencies with increasing temperatures and 
simultaneously decreases in size. These factors might explain the absence of 
the arc in other literature. Jiang however, has observed and modeled the arc 
at 700 °C. As in this study, an RC element was found appropriate to 
describe arc A. An equivalent capacitance of around 5·10-6 F·cm-2 was 
found by Jiang, while in this study a value of 5·10-7 F·cm-2 was observed. 
Both values are too high to be related to the grain boundary resistance of 
YSZ [24]. To improve understanding of the physical process related to Arc 
A, symmetrical cells were produced with CGO as the electrolyte instead of 
YSZ. Scanning electron microscopy images comparing the LSM-
YSZ/YSZ/LSM-YSZ with the LSM-YSZ/CGO/LSM-YSZ are shown in 
Figure 3.7. The EIS obtained from the LSM-YSZ/CGO/LSM-YSZ cell at 
650 °C in oxygen is shown in Figure 3.8. It was observed that arc A 
decreased significantly by replacing the YSZ electrolyte by CGO, while all 
other arcs remain constant. From the SEM images it appears as if the 
contact between the LSM/YSZ cathode and the electrolyte was better or 
smoother in case of the CGO compared to the YSZ electrolyte. In case the 
coverage/contact area of the cathode on the electrolyte is not optimal current 
constriction can occur causing not only an increase of the electrolyte 
resistance, but also the appearance of arc A. This was described previously 
by Fleig et. al [33]. Furthermore, Jørgensen et al. [15] mentioned the 
importance of the cathode microstructure on the magnitude of Arc A. 
Refining the microstructure is likely to improve the cathode-electrolyte 
interface as well. 
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Figure 3.7. Scanning electron microscopy (SEM) images of LSM-YSZ cathode 
interface with (a) YSZ electrolyte; (b) CGO electrolyte. 
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CHAPTER 7 
 

General discussion, conclusions and outlook 
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