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Reversing-current operation of solid oxide cell (La0.8Sr0.2)0.98MnO3-δ - 

Zr0.84Y0.16O2-γ (LSM-YSZ) oxygen electrodes is described.  Degradation 

was characterized by impedance spectroscopy in symmetric cells tested at 

800°C in air with a symmetric current cycle with a period of 12 hours. No 10 

change in cell resistance could be detected, in 1000 h tests with a 

sensitivity of ~ 1%/kh, at a current density of 0.5 A/cm
2
 corresponding to 

an overpotential of 0.18 V.  At a current density to 0.6 A/cm
2
 (0.33 V 

overpotential) measurable resistance degradation at a rate of 3%/kh was 

observed, while higher current/overpotential values led to faster 15 

degradation.  Degradation was observed mainly in the ohmic resistance for 

current densities of 0.6, 0.8 and 0.9 A/cm
2
, with little change in the 

polarization resistance.  Polarization degradation, mainly observed at 

higher current density, was present as an increase in an impedance response 

at ~ 30 kHz, apparently associated with the resistance of YSZ grain 20 

boundaries within the electrode.  Microstructural and chemical analysis 

showed significant changes in electrode structure after the current cycling, 

including an increase in LSM particle size and a reduction in the amount of 

YSZ and LSM at the electrode/electrolyte interface – the latter presumably 

a precursor to delamination.  25 

1 Introduction  

 The increasing utilization of intermittent renewable electricity sources is focusing 

attention on electricity storage technologies that can help match the fluctuating 

supply with varying demand.1  The energy storage capacity requirements of this 

application are quite demanding because of the large grid power levels and the need 30 

to store for periods of several hours or more.  Pumped hydroelectric is the only 

storage technology currently being extensively utilized, but geographic requirements 

will likely limit its more widespread use.  A number of different storage methods, 

including batteries and reversible fuel cells, are also being investigated.  An 

advantage of reversible fuel cells is that the energy is stored using low-cost 35 

feedstocks (e.g. water and CO2), and energy capacity can be increased by increasing 

storage tank size, while the stack size determines the power capacity. In contrast, in 

batteries the energy is stored within the electrodes, limiting the extent to which 

energy capacity can be increased relative to power capacity.  Furthermore, the 

energy is typically stored in relatively expensive electrode materials (e.g. oxides 40 

such as LiCoO2).  However, reversible fuel cells usually have relatively low round-

trip efficiency, too low to compete with batteries and other storage technologies.1a, 1d   
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 Recently, a higher-efficiency storage method utilizing a reversible solid oxide cell 

(ReSOC) has been proposed.2  One key question regarding ReSOCs is the long-term 

durability.  Degradation in ReSOCs is similar to that observed during solid oxide 

electrolysis, which has been studied in some detail.3 Delamination of the oxygen 

electrode (electrolysis anode), typically (La0.8Sr0.2)0.98MnO3-δ - Zr0.84Y0.16O2-γ (LSM-5 

YSZ), is the dominant degradation mechanism.4  Furthermore, reversing current 

operation does not introduce new degradation mechanisms, and in fact reduces the 

delamination degradation when compared with DC electrolysis operation.4-5 It was 

possible to essentially eliminate degradation at 1.0 A/cm2 by using a cycle with very 

short periods of electrolysis separated by fuel cell operation,5  but such a cycle 10 

would not be practical for most storage applications.  Current density J (or the 

electrode overpotential η) has a large impact on the degradation rate, with rapid 

degradation at 1.5 A/cm2 (η =0.37 V) but no detectable degradation at 0.5 A/cm2 (η 

= 0.18 V).6  Based on these ReSOC reports, and also prior reports on solid oxide 

electrolysis cells3g, 3k, it appears that there is a threshold current density of ~ 0.5 - 15 

1.0 A/cm2 above which oxygen electrode degradation is fast.   

 In order to design a ReSOC system and assess its performance and economic 

viability,7 it is important to know more accurately the maximum J and η values that 

are consistent with long-term stable operation.  In order to be an economically viable 

storage method, cell lifetimes should exceed 40,000 h and 2,000 cycles (assuming a 20 

~ 24 h storage cycle).  Thus, degradation rates should be < 0.5 %/kh and < 0.0125 

%/cycle, assuming that a cell resistance increase of < 25% over the stack life is 

acceptable.  The prior reports discussed above do not provide such detailed 

information on degradation rates; in particular, there is no information in the critical 

range from 0.5 to 1.0 A/cm2.   25 

 In the present report, LSM-YSZ composite oxygen electrodes were investigated in 

order to more accurately determine the effect of J and electrode η on degradation 

rate in this critical range.  (Note that the relative importance of J as opposed to η in 

causing degradation has not yet been elucidated, so both quantities are included in 

the present report.) In order to focus on the oxygen electrode, which appears to be 30 

the cell component most prone to degradation, symmetrical LSM-YSZ / YSZ / LSM-

YSZ cells were tested.  This has the advantage of minimizing extraneous 

degradation effects in full cells that may obfuscate the LSM-YSZ electrode 

degradation of interest here. Furthermore, symmetric applied current cycles, with 

equal current densities and times in each direction, were utilized in order to maintain 35 

symmetrical electrodes throughout the test despite the tendency for more rapid 

degradation in electrolysis mode.  This enables more straightforward 

electrochemical impedance analysis.  

2 Experimental  

 40 

LSM-YSZ / YSZ / LSM-YSZ symmetrical cells were fabricated by first die pressing 

YSZ electrolyte pellets from YSZ powder mixed with 1% PVB binder, and then 

sintering at 1400 °C for 4 hours.  The resulting electrolyte pellets were ~ 0.6 mm 

thick and 19 mm in diameter. LSM-YSZ electrode functional layers were then 

screen printed on both sides of the pellets using an ink was produced as follows. A 45 

1:1 mixture (by weight) of Zr0.84Y0.16O2-γ (Tosoh) with A-site deficient 

(La0.8Sr0.2)0.98MnO3-δ (Praxair) was ball milled in ethanol for 24 hr. The solution was 
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then dried, ground, and passed through a 125 µm mesh sieve. This powder was then 

added to Heraeus organic vehicle 1:1.18 by weight and fully mixed with a three roll 

mill. After applying the ink by screen printing, the electrodes were fired at 1175 °C 

for 1 hour. A current collector layer of LSM ink, made similarly to the LSM-YSZ 

ink, was then screen printed on top of the LSM-YSZ layer and fired at 1025 °C. The 5 

final as-fired thicknesses of the LSM-YSZ functional layer and LSM current 

collector were both ~ 20 µm thick and had a circular area of 0.5 cm2.  Note that this 

electrode fabrication procedure is essentially identical to that used in making full 

cells. 

 All cells were tested in an open-air furnace at 800 °C.  Electrical contacts were 10 

made by pressure contacting circular porous LSM current collector pellets, with 0.5 

cm2 area, to the electrodes using a weight of 14 g.  LSM was utilized to avoid 

artifacts that may arise from the transport of noble-metal current collector materials 

into the electrode active region.4,8 Current densities between 0.5 A/cm2 and 1.5 

A/cm2 were applied.  Current was applied galvanostatically using a Keithley source 15 

meter controlled by a LabView program. The current cycle period was 12 h, with 

equal times and equal currents in each current direction. The program was paused 

roughly every 24 hours to run an EIS measurement at open circuit voltage. All cells 

were tested for ~ 1000 hours.  

 EIS analysis is simplified in two ways through the use of symmetric cells and 20 

current cycles.  First, only the oxygen electrode is measured, with no interference 

from fuel electrode EIS responses as encountered in full cells. Second, by cycling 

the current with equal periods and amplitudes, each electrode experiences identical 

conditions, keeping them essentially symmetrical.  Thus, electrode impedances are 

obtained by simply dividing the measured impedances by two. Impedance values are 25 

then normalized to the active electrode area, to yield the area specific polarization 

resistance (RP) of one electrode and the area specific ohmic resistance (RΩ) of half 

the electrolyte.  

 Although the symmetrical cell test is quite convenient, it is important to consider 

how well this represents the behaviour of an electrode in a full cell.  In a 30 

symmetrical cell test, the current/overpotential arises solely from an applied 

electrical potential, different than a full cell where it arises from a combination of an 

electrical potential and the chemical potential difference between fuel and oxidant.  

Nonetheless, a given J should yield the same η for symmetrical and full cells, 

assuming the same electrode, electrolyte, and oxidant composition.  Furthermore, 35 

the electrochemical potential gradient across the electrolyte will be the same if both 

cells have the same current density. Thus, the symmetrical cell tests should provide 

a very good approximation of the electrode conditions during full cell operation. 

 Post-test microstructural evaluation was performed on cross sections prepared by 

first fracturing the cells and then polishing mechanically. Fractured cells were 40 

vacuum infiltrated with epoxy (EpoThin, Buehler), cured at 42 °C overnight and the 

epoxy puck diced with an Accutom 5 saw for SEM mounting. The epoxy helps to 

give sharp pore contrast and allows for more stable polishing. A cross-sectional 

surface of the epoxy imbedded cell was then polished to 1 micron with a diamond 

slurry. The cell was then mounted on an SEM stub for imaging. To prevent charging 45 

in SEM, samples were sputter coated with 15 nm of osmium and carbon tape placed 

close to the cross-sectional surface.  Measurements were made using a Hitachi 

SU8030 Scanning Electron Microscope (SEM) and EDS collected using an Oxford 

X-max 80 SDD EDS detector. Images and EDS measurements were collected at 20 
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and 30 keV with a 20 µA probe at a 15 mm working distance in order to gain 

adequate contrast through the osmium and collect EDS signal from the underlying 

material.  

3 Results  

An initial exploratory test was done wherein the current density J was increased 5 

incrementally in steps of ~150 h, starting at 0.5 A/cm2 and finishing at 1.5 A/cm2; 

this provided an approximate overview of the degradation rate versus J, and the 

results suggest that the degradation rate becomes significant just below ~ 1 A/cm2.  

Based on this result, 1000 h life tests were done at current densities of 0.6, 0.8 and 

0.9 A/cm2. Prior data taken with identical cells and an identical test setup, but 10 

different current densities of 0.5 and 1.5 A/cm2, are also shown for comparison.6  

Section 3.1 describes the increasing current test, section 3.2 the constant current test, 

and section 3.3 the SEM-EDS analysis. 

3.1 Incrementally Stepped Cycled Current Density 

The incremental test was started at 0.5 A/cm2 and the current was then increased to 15 

0.7, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5 A/cm2.  The cell was maintained at each J for 

at least 150 hours.  The results from selected EIS measurements are shown in Figure 

1.  The data were fit using the equivalent circuit shown in Figure 1, and an example 

fit is shown for 1.4 A/cm2.  The fit using two R-Q elements is reasonably good; 

better fits can be achieved by adding more elements to the model, but the intent here 20 

was to quantify the main electrode responses with a reasonably simple model.  The 

two responses have peak frequencies at ~ 100 Hz and 30 kHz. As seen in the 

Nyquist plot, the ohmic resistance (approximately the high frequency intercept) first 

decreased during operation at up to ~ 1.2 A/cm2, before increasing at higher J.  As 

seen in the Bode plot, the main change with increasing time and J was an increase in 25 

the high-frequency response, while the lower frequency response remained 

approximately constant.   
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Fig. 1 Nyquist and Bode plots of selected EIS measurements, taken at zero current 

during brief interruptions in a reversing-current life test in which J was 

incrementally stepped up to higher values.  

  

Figure 2 shows a plot of measured total, ohmic, and polarization resistances versus 5 

time.  The values were obtained from the EIS fitting, rather than by observing the 

real-axis intercepts, in order to minimize errors in determining the intercepts.  The 

same trends that were apparent in Figure 1 are also seen here:  the total resistance 

changes relatively little at the lower J values, but then the resistance increase 

accelerates with increasing J. The polarization resistance increase begins early on, 10 

near 0.5 A/cm2.  However, there was considerable variability of the ohmic and 

polarization resistance values in Figure 2, a result of errors introduced in the EIS 

fitting process.  This made it difficult to assess their degradation rates given the 

relatively short constant-current intervals. Thus, the total resistance was used to 

estimate the onset of significant degradation:  the resistance increase appears to 15 

begin at > 0.7 A/cm2, corresponding to η > 0.22 V.  

 

Fig. 2 Total, ohmic, and polarization resistance values versus time during a 

reversing-current life test in which the current density was incrementally stepped up 

to higher values.  The values are derived from EIS data as shown in Figure 1 from 20 

circuit models. The vertical lines separate regions with different constant current 

densities, with values indicated.    Voltage labels are electrode overpotentials at the 

start of each current step.   

 

3.2 Constant Cycled Current Density 25 

 

Based on the above results, current densities of 0.6 A/cm2, 0.8 A/cm2 and 0.9 A/cm2 

were chosen for three longer-term tests aimed at more accurately assessing the 

degradation rate.  Figure 3 shows the EIS data from the 0.8 and 0.9 A/cm2 life tests.  

There were differences between the initial cell responses in the ohmic resistance, 30 

due to electrolyte thickness variations. The ohmic resistance clearly increased with 
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time for both cells.  There were also minor differences in the shape of the 

polarization response, presumably due to cell-to-cell processing variations.  On the 

other hand, after an initial decrease in the lower-frequency peak of the cell tested at 

0.8 A/cm2, the polarization resistance magnitude was almost identical for the two 

cells.  After the initial break-in, the low-frequency response was essentially stable 5 

for both current densities.  The high frequency response shows a slight increase with 

time, similar to the changes observed in the cell tested at multiple current densities 

(Figure 1), but the increases are much less, as expected given the lesser overall 

degradation observed.  

 The total, ohmic, and polarization resistance values, obtained from fits to the data 10 

in Figure 3, are plotted versus time in Figure 4.  Prior data6 also shown in Figure 4 

are from life tests at 0.5 A/cm2, showing no detectable change in resistance, and 1.5 

A/cm2, showing substantial increases in both ohmic and polarization resistance.  In 

some cases, the cell resistance varied strongly initially, but then stabilized after ~ 70 

h. The cell tested at 0.5 A/cm2 showed a slight steady decrease in RP that was almost 15 

exactly compensated by an increase in RΩ, such that there was no net change in  total 

resistance.  η across a single electrode, calculated from J and polarization resistance, 

was 0.17 V. For J increased from 0.6 to 0.9A/cm2 (initial η value from 0.33 to 0.38 

V), the rate of decrease of RP lessened, while the rate of increase of RΩ increases, 

resulting in a faster total resistance increase. At J = 1.5 A/cm2 (initial η = 0.93 V), 20 

both RP and RΩ increased rapidly with time.  

 

Fig. 3 Nyquist and Bode plots of selected EIS measurements taken at zero current 

during brief interruptions in reversing-current life tests in which the current density 

was maintained at (a,b) 0.9 or (c,d) 0.8 A/cm2.  25 

 

 

 

 

 30 
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Fig. 4 (a) Ohmic (b) polarization and (c) total resistance versus time during 

reversing-current life tests at current density values of 0.6, 0.8 and 0.9 A/cm2. The 

values are derived from fits to the EIS data shown in Figure 3.  Also shown are data 

from a previous report in which identical cells were tested in the same way in the 10 

same test setup at 0.5 A/cm2 and 1.5 A/cm2.6 The initial Ohmic resistance, which 

varied with electrolyte thickness, has been subtracted in part (a) to allow for easier 

comparison of the resistance changes. 

 

 Fig. 5 plots the measured total resistance degradation rates, obtained from best 15 

fits to the cell resistance versus time data in Fig. 4 neglecting any initial break-in 
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effects, versus η (a) and J (b). The constant-current life tests have relatively small 

error bars – they appear able to resolve ~ 1 %/kh degradation.  However, the life test 

with incrementally increased current had only ~ 150 h hold times at each J, leading 

to much larger errors.  Despite the relatively large errors in some of the data points, 

Figure 5 gives a reasonable idea of how the degradation rate increases with current. 5 

Furthermore, the constant-current 0.5 A/cm2 and 0.6 A/cm2 tests provide a fairly 

clear indication that measurable degradation starts at a current between these values.  

 

 

Fig. 5. Degradation rates, derived from the slopes of the total resistance versus time 10 

data in Figures 2 and 4, as a function of a) current density and b) overpotential.  

Colored points correspond to the life tests in figure 4: 0.5 A/cm2 blue, 0.6A/cm2 

purple, 0.8 A/cm2 red, 0.9 A/cm2 yellow, 1.5 A/cm2 green.  

 

 15 

3.3 SEM-EDS Analysis 

 

 SEM-EDS analysis was completed on a cell that was annealed with zero current 

along with the 0.8 and 0.9 A/cm2 cells.  Example images from these are shown in 

Figure 6. The cell annealed without current shows uniform electrode structure right 20 

up to the interface, whereas in the 0.8 A/cm2 and 0.9 A/cm2 cases there are 

microstructural changes near the electrode/electrolyte interface and throughout the 

active layer. The electrode structure near the electrode-electrolyte interface appears 

to be depleted of material, containing fewer electrode particles and larger pores.  

There is significant coarsening of the LSM particles in the active layer for the cells 25 

run at 0.8 A/cm2 and 0.9 A/cm2, compared to the no-current cell, but the YSZ 

particles remain un-coarsened. Also, the electrolyte shows pits and pores near the 

electrode/electrolyte interface, especially in the 0.9 A/cm2 cell.  

 The line scans in Figure 7 quantitatively show that La and Mn (i.e., LSM) are 

depleted near the electrode-electrolyte interface in the 0.8 and 0.9 A/cm2 samples, in 30 

agreement with the images in Figure 6.  The La and Mn signals increase with 

increasing distance from the electrolyte.  On the other hand, the main effect of 

current on the Zr composition profile is a stronger local variation in intensity, 

presumably related to the presence of enlarged LSM particles.   

   35 
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Fig. 6 A summary of: low magnification SEM images (left column), higher 

magnification SEM images (middle column), and EDS compositional maps (right 

column) from the electrode/electrolyte regions of cells with no current (top row), 0.8 

A/cm2 (middle row), and 0.9 A/cm2 (bottom row).  The color scheme of the 

composition maps is shown in the upper right frame. 5 

Fig. 7 EDS linescans and corresponding SEM for a) annealed b) 0.8 A/cm2 and c) 

0.9 A/cm2 cells.     
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4 Discussion 
 The present results show that the overall resistance degradation rate increases 

with increasing current density J (overpotential η), increasing above the present 5 

detection limit of 1%/kh for J somewhere between 0.5 and 0.6 A/cm2 (η = 0.17 to 

0.33 V).  This result is consistent with SEM observations:  substantial changes in the 

near-interface structure were observed for J = 0.8 and 0.9 A/cm2 (η = 0.39 and 0.37 

V), whereas there was little observable change in structure reported previously (for 

the same cells and test conditions) at 0.5 A/cm2.6 These results are consistent with a 10 

recent report5 where degradation was observed for J = 1.0 A/cm2 (η = ~0.25 V), 

unless the fraction of the time in electrolysis mode during the reversing-current 

cycle was reduced. For J increased above 0.8 A/cm2 (0.39 V), the rate of 

degradation increases rapidly to > 10 %/kh, fast enough to severely limit device 

lifetime and hence the total amount of energy that can be stored/converted. Since it 15 

is important to reach degradation rates well below 1%/kh, longer-term measurements 

at J ~ 0.5 - 0.6 A/cm2 will be useful in the future to provide greater sensitivity to 

degradation. 

 For all J below 1.5 A/cm2, the degradation appeared to be mainly in the ohmic 

resistance (Figure 4a), while the polarization resistance showed little change (Figure 20 

4b).  In contrast, at 1.5 A/cm2, both resistance components contributed to the 

degradation.  The ohmic resistance degradation can be understood via the observed 

formation of voids in the YSZ electrolyte near the electrode/electrolyte interface 

(see Figure 6 for 0.9 A/cm2, and Refs3m, 5). At higher J (1.5 A/cm2), where grain 

boundary pores join and produce extended regions of electrode/electrolyte 25 

separation,6 ohmic resistance presumably also increases by current constriction.  

    In a previous report on similar LSM-YSZ symmetric cells, the response peaking 

at ~30 kHz was attributed to the grain boundary transport losses in the electrode 

YSZ phase.9  EIS measurements of the present LSM-YSZ cells with varied oxygen 

partial pressure (not shown) indicated no change in this high-frequency response, 30 

providing further evidence that this response arises from an interfacial (e.g., grain 

boundary transport) resistance.  Given that pore formation on YSZ grain boundaries 

within LSM-YSZ electrodes has been observed after reversing-current operation,5 it 

is reasonable to attribute the polarization resistance increase to increasingly resistive 

YSZ pathways because of degraded electrode grain boundaries.  The SEM images in 35 

Figures 6 and 7 indicate depletion of YSZ from the electrode near the electrolyte, 

consistent with this interpretation.  That is, formation of voids in the YSZ 

corresponds to a net local depletion of YSZ.  

 The SEM-EDS results for 0.8 and 0.9 A/cm2 suggest that the amount of LSM in 

the interface region also decreases after cell operation under current.  There appears 40 

to be a gradual increase in the amount of LSM with increasing distance from the 

interface, perhaps indicating that material has been transported away from the 

interface during cell operation.  Finally, the LSM particle size within the functional 

layers has increased after degradation.  There does not appear to be a prior report of 

such changes in the LSM phase in LSM-YSZ functional layers.  While there is no 45 

obvious explanation, cation transport has been observed in similar perovskite 

oxygen electrode materials under an oxygen gradient, as was present in the present 

experiments during cell operation.10 Given the extensive structural/chemical changes 

within the electrode functional layer for 0.8 and 0.9 A/cm2, it is perhaps surprising 
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that the increases in polarization resistance are not larger.  Indeed, SEM-EDS 

analysis of the electrode/electrolyte interface appears to be a very sensitive means 

for detecting low levels of degradation, perhaps more so than the EIS measurements.   

 The apparent removal of material from near the electrode/electrolyte interface 

presumably represents an early stage of the oxygen-electrode delamination that was 5 

reported for LSM-YSZ electrodes after ~ 1000 h at a higher J of 1.5 A/cm2, both in 

current switching and electrolysis modes.6  That is, continuing removal of material 

ultimately results in a complete interfacial opening or delamination.  Such 

delamination is likely even at the lower J of 0.8 A/cm2 for sufficiently long-term cell 

operation.   10 

 As discussed previously6, the degradation during reversing current operation 

appears to be similar to that seen in dc electrolysis operation, although the periods of 

fuel cell operation can partially mitigate degradation.4-5 The degradation presumably 

occurs during the electrolysis periods of reversible operation. Thus, the present 

results should be qualitatively similar to dc electrolysis. However, there is relatively 15 

little data that is directly comparable. Knibbe et al.11 showed degradation of full Ni-

YSZ/YSZ/LSM-YSZ cells at J = 1 A/cm2, but the initial η was only 0.19 V.  While 

this is consistent with the J values causing degradation in the present results, no 

degradation would be expected at this η based on the present data. Note that most of 

the degradation was observed in the ohmic resistance,11 similar to the present 20 

results.  Reports on degradation of LSM electrodes are difficult to compare directly 

with the present LSM-YSZ results.  In one case, delamination was observed after 

operation at 0.5 A/cm2,3l but the polarization resistance was quite high such that η ~ 

3 V, well above the value where degradation is expected. Tests on symmetric LSM 

electrode cells (on YSZ) showed rapid resistance increases and delamination after 25 

100 h at ~ 2.0 A/cm2 and η ~ 0.76 V.3i 

 Although there is no definitive experimental evidence showing whether J or η 

controls oxygen electrode degradation, models of the degradation mechanism 

suggest that η is the controlling parameter.  Models are generally based on the large 

electrochemical oxygen potential developed near the electrode/electrolyte 30 

interface.3i, 3l, 3m  This high effective oxygen pressure can drive the observed 

nucleation of oxygen bubbles in the region near the electrode-electrolyte interface.3m  

In one case, a critical η required to nucleate oxygen bubbles in YSZ was predicted 

to be 0.28 V.12  The present results, where the η value sufficient to cause 

degradation was between 0.18 V and 0.33 V, are consistent with this predicted 35 

value.  Other models are based on La2Zr2O7 formation3i and LSM lattice 

contraction3l due to the high oxygen potential, but these do not predict potential 

values where degradation is expected.   

5 Conclusions  

The present results represent an attempt to determine the J and η values below which 40 

LSM-YSZ electrode degradation becomes negligible during reversing current 

operation.  The following conclusions can be made: 

1. EIS tests over ~ 1000 h on symmetrical cells appear able to detect a degradation 

rate of 1%/kh.   

2. SEM observations appear to be quite sensitive to the early stages of degradation, 45 

as seen by a decrease in the apparent amount of LSM and YSZ at the interface, 

and an increase in the size of LSM particles in the functional layer.   
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3. The present results show that degradation caused by reversing-current operation 

can be reduced below ~ 1%/kh, the present detection limit, by operating at a 

current density between 0.5 A/cm2 and 0.6 A/cm2 with an oxygen electrode 

overpotential between 0.18 V and 0.33.  

4. At higher current densities and overpotentials, the degradation rate increases 5 

rapidly, leading to device lifetimes that would be too short for practical 

application;   

5. EIS measurements show a unique signature associated with the degradation – an 

increase in a high-frequency (~104 Hz) response – which appears to be 

associated with YSZ grain boundary transport losses.  This could be a sign of 10 

oxygen bubble formation on grain boundaries.   
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