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Deliverable report 

1 Executive Summary 

1.1 Description of the deliverable content and purpose 

In this deliverable, the influence of oxygen electrode sweep gas on solid oxide single cells performance and durability 

will be reported.  

1.2 Brief description of the state of the art and the innovation 

breakthroughs 

Studies on durability of SOEC are mostly focused on the fuel electrode. Very limited studies exist on the influence of 

oxygen electrode sweep gas on the SOEC durability. The results from this study showed that no extra degradation was 

observed on the cell without sweep gas, while higher degradation was seen on the cell with CO2 as oxygen electrode 

sweep gas.  

1.3 Corrective action (if relevant) 

The description of action of the project specifies that “single cell tests will be performed [DTU] with different 

sweeping gas to the oxygen electrode air, H2O or CO2 or even operating without sweeping gas.” However, 

additional studies from [DTU] revealed that H2O has a detrimental effect on the cell by severely damaging it 

(results will be presented at the European Fuel cell Forum (EFCF) 2022). Moreover, considering the balance of 

plant design and the energy loss associated to H2O evaporation at inlet and condensation at the outlet, the use of 

H2O as purge gas does not appear anymore as a viable solution. Therefore, it was decided not to test H2O as 

sweeping gas for the oxygen electrode and efforts have been devoted to study whether increasing H2 

concentration at the fuel electrode could lead to lower cell degradation rate.  

1.4 IPR issues (if relevant) 

Non applicable. 
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2 Introduction  

Long term durability of many thousands hours of operation with such SoA cells have been demonstrated both on 

single cell and stack level[1–7]. While most of the studies were focused on the hydrogen or syngas production 

from SOECs, only a few works have addressed the utilization of the produced oxygen[8–10]. Oxygen is an 

important industrial gas that is widely used in industrial/chemical processes as well as medical and life-support 

systems. Oxygen nowadays is mostly produced at large scale via cryogenic air separation units (ASU) and via 

pressure swing adsorption (PSA) methods for small units. SOEC in theory can produce 100% purity of oxygen 

and has the advantage of scale flexibility compared with the ASU. Most studies on SOEC stack operation were 

performed with air supplied to the oxygen electrode compartment mostly due to the safety concerns and stack 

heat management, while on the single cell level both air and oxygen purge has been widely used. By using oxygen 

as purge gas, it is possible to avoid the voltage transition due to the change of oxygen partial pressure on the 

oxygen electrode upon changing the electrolysis current, this facilitates data interpretation when the aim is 

detailed performance characterization. In principle SOEC can be operated without any purge gas as it produces 

O2 during electrolysis operation. Purging with another gas such as CO2 could be interesting for two reasons; 1) it 

reduces the O2 concentration in the oxygen electrode exhaust gas improving safety, and 2) it provides a hot oxygen 

enriched gas that can be directly utilized in oxy-combustion processes to replace air (eliminating N2 dilution). 

The effect of different purge gases on the degradation of SOECs however is not well studied. In this work, we 

report on a durability study of SOECs operated for steam electrolysis with air, no gas and CO2 supplied to the 

oxygen electrode in three otherwise identical SOEC single cell test. Detailed electrochemical analysis was 

performed to analyze the origin of observed degradation. 

3 Experimental  

Three SOECs from the same production batch made by [ELCOGEN] were used in this study, one of them served 

as the reference cell where only initial performance characterizations were carried out, the other three were used 

for durability test. The cells to be used for the specific test runs are in the following denoted: Cell_air, Cell_nan, 

Cell_co2 for cells tested with air, no gas and CO2 purge gas to the oxygen electrode, respectively. The cells consists 

of a ~400 μm Ni/YSZ (yttria stabilized zirconia) support layer having a ~12 μm Ni/YSZ active layer, a ~3μm YSZ 

electrolyte and a CGO (gadolinium-doped ceria) barrier layer of similar thickness and a ~12 μm thick LSC 

(lanthanum strontium cobaltite) oxygen electrode[11]. For testing, the cell was mounted in an alumina cell test 

house[12]. Ni plates and Ni meshes were used as fuel electrode current collector and gas distribution component, 

Au plates and Au meshes were used as oxygen electrode current collector and gas distribution components. An 

Au frame was used for sealing the fuel electrode compartment and no sealing was applied for the oxygen electrode 

side. The cells were heated to 850 ˚C with a ramp rate of 1 ˚C/min, 20 L/h N2 was supplied to the fuel electrode 

compartment and 20 L/h air was supplied to the oxygen electrode during heating. The NiO in the cell was reduced 

in 20 L/h of 5% H2 + N2 for 2 hours then H2 + 4% H2O for 1 hour. The cell temperature was then brought to 800 

˚C for initial performance characterization.  The initial performance characterization was performed from 800 to 

650 ˚C with 50 ˚C /step in 24 L/h H2 with 4, 20, 50, 90% H2O supplied to the fuel electrode and a 140 L/h of air 
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flow supplied to the oxygen electrode. Current-voltage curves (iV) and electrochemical impedance spectra (EIS) 

characterization were carried out at each characterization point. EIS were measured at zero current (open circuit 

voltage) using a Solartron 1255B frequency analyzer and an external shunt connected in series with the cell. The 

spectra were recorded from 96850 to 0.08 Hz with 12 points per decade and were corrected using the short circuit 

impedance response of the test setup. From the impedance spectra, the ohmic (serial) area specific resistance (Rs) 

was taken as the value of the real part of the impedance measured at 96850 Hz and the polarization area specific 

resistance (Rp) was taken as the difference in the real part of the impedance at 96850 Hz and 0.08 Hz. The total 

area specific resistance of a cell was calculated as the sum of the real part of the impedance (Rs + Rp). 

 

The durability tests were performed at 700 ˚C at -0.5 A/cm2 with 6.7 L/h of 10% H2 + 90% H2O supplied to the 

fuel electrode. The gas supplied to the oxygen electrode was 140 L/h Air for Cell_air, 10 L/h CO2 for Cell_co2 and 

no gas was supplied to the oxygen electrode for the Cell_nan test. The theoretical H2O conversion calculated 

based on Faraday’s law is 58% and the corresponding oxygen partial pressure at the oxygen electrode is 22%, 14% 

and 100% for the Cell_air, Cell_co2 and Cell_nan. EIS characterizations were performed under current during 

the durability test.  

 

4 Results and discussion 

4.1 Initial performance characterization 

 
Figure 1:iV characterization under 700 °C with 50%H2 + 50%H2O supplied to the fuel electrode and Air supplied to the 

oxygen electrode of the four tested cells. 
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Figure 1 presents the initial iV characterization of the four tested cells at 700 ˚C with 50%H2 + 50%H2O supplied 

to the fuel electrode compartment and air supplied to the oxygen electrode compartment. The open circuit 

voltages are 972, 971, 970 and 968 mV for Cell_ref, Cell_air, Cell_nan and Cell_co2 respectively, which are very 

close to the theoretical value of 973mV calculated by Nernst equation based on the temperature and gas 

composition, indicating the good sealing and gas tightness of the electrolyte. The cells exhibit very good 

reproducibility in performance, only minor differences can be seen where Cell_nan shows slightly low initial 

electrochemical performance than the others which may be due to minor differences in the cell production or 

imperfect contacting during cell mounting. 

 

4.2 Durability under current 

 
Figure 2:  Cell voltage evolution during the durability tests of the three tested cells. Current density was -0.5 A/cm2 

throughout the period in all three tests. 

 

Cell voltages were recorded during the constant current operation at 700 °C with 10% H2 + 90% H2O supplied to 

the fuel electrode and air, CO2 or no purge gas at the oxygen electrode. The cell voltage evolution with operation 

time is presented in Figure 2. Different initial cell voltages under the same current load were observed between 

the three tested cells, Cell_air started at 1067 mV, Cell_nan started at 1118 mV and Cell_co2 started at 1133 mV. 

The higher initial voltage of Cell_nan compared with Cell_air may be due to both the slight difference in the 

initial performance (see Figure 1) as well as the difference in oxygen partial pressure at the oxygen electrode, 

where a theoretical increase of OCV of 33mV can be expected when changing the oxygen electrode compartment 

purge gas from air (883 mV) to oxygen (916 mV). The theoretical OCV for Cell_co2 when using CO2 to the oxygen 

electrode is expected to be lower than that of Cell_air due to the lower oxygen partial pressure at the oxygen 

electrode for Cell_co2 (14%) than Cell_air (22%). However, on Cell_co2 an increase of 13 mV when changing 

from no gas to CO2 supplied to the oxygen electrode compartment is observed (at the start of the test, close to 0h 
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as shown in Figure 2), which clearly indicated that the high initial voltage is an effect of the CO2 purge. This can 

also be seen at the end of the durability test Cell_co2 as marked in orange circle area in Figure 2; by changing 

from CO2 to no gas, and then to air supplied to the oxygen electrode, the cell voltage decreased from 1640 mV 

(CO2) to 1587 mV (no gas) then to 1557 mV (Air). Hence, there seems to be two effects of the purge with CO2: 1) 

an immediate resistance increase, as observed initially (increased voltage at the beginning of the durability test) 

and when doing the gas variation after the durability test, and 2) an increased degradation over the durability test 

period. The overall degradation for the three tested cells during the entire testing period, as measured in the form 

of a voltage increase are 264, 238, 464 mV/1000h for Cell_air, Cell_nan and Cell_co2 respectively. “Fast” initial 

degradation can be observed on all the three tested cells, the degradation rates for Cell_air and Cell_nan decreased 

after the initial period to 114 and 68 mV/1000h in the last 200 hours, respectively. The slightly lower degradation 

rates of Cell_nan to Cell_air in the last 200 hours might be related the impurities in the air stream, that caused 

oxygen electrode surface segregation [13] and thus higher degradation on Cell_air. A clearly accelerated 

degradation, with a degradation rate of 443 mV/1000h, is observed on the test with CO2 purge.    

 

 
Figure 3: Serial resistance, polarization resistance and ASR extracted from the EIS measured during the durability test. 
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The serial area specific resistance (Rs), polarization area specific resistance (Rp) and area specific resistance (ASR) 

extracted from the EIS measured during the durability study are presented in Figure 3. At the beginning, the 

three cells show Rs values that are very close. A larger difference is, as expected, observed for the polarization 

resistance. Cell_air and Cell_nan exhibit a very similar Rs, Rp and ASR degradation trend, with low Rs 

degradation rate and high Rp degradation rate in the first 500 hours but afterwards a high Rs degradation and 

low Rp degradation rate afterward. On the other hand, the Cell_co2 shows similar Rs evolution trend as the other 

two cells, but exhibits an accelerated Rp increase after the initial degradation. At the end of the durability test of 

Cell_co2, a noticeable decrease in polarization resistance is seen on the Cell_co2, when switching from CO2 purge 

to air purge, indicating that the higher initial cell voltage and polarization seen from both Figure 2 and Figure 3 

are mainly due to an increase of the polarization resistance. Such phenomena has also been reported on LSC 

materials used as cathodes in fuel cell mode[14,15]. The initial fast increase of polarization could be due to the 

microstructure changes in the fuel electrode, such as impurities precipitation/segregation [16], Ni coarsing and 

Ni migration away from the active electrode as a consequence of a deterioration of the Ni-Ni network. Such 

phenomena also results in an increase of Rs afterwards[17]. 

4.3 EIS analysis during durability test 

 

 
Figure 4: Fuel electrode (a) and oxygen electrode (b) gas shift EIS and DRT analysis. 

Prior to durability test, gas shift impedance spectra were recorded for distribution of relaxation time (DRT) 

analysis in order to help identifying the different electrochemical processes and correlating them to the 
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corresponding electrodes. Gas shift EIS were performed at 700 ºC. For fuel electrode, EIS were recorded at OCV 

with gas composition of 80%H2 + 20%H2O and 20%H2 + 80%H2O supplied to the fuel electrode while keeping 

constant air flow supplied to the oxygen electrode. The oxygen electrode gas shift EIS were performed under -

0.5 A/cm2 by changing the oxygen electrode gas from 10 L/h air to no gas, and then to 10L/h CO2 while keeping 

constant 10% H2 + 90 % H2O supplied to the fuel electrode. Figure 4 a and b present the Nyquist representation 

of recorded impedance spectra and corresponding DRT analysis results of fuel electrode and oxygen electrode gas 

shift. Six distinguishable peaks can be identified from the DRT figures. Upon changing the H2O partial pressure, 

four noticeable process responses can be identified. Peak P4 and P5 with summit frequency at ca. 500-800 Hz and 

ca. 50 kHz, corresponding to the fuel electrode charge transfer reaction processes response with an increase of 

DRT peak. Also, the peak, P2, at ca. 80 Hz, corresponding to the gas diffusion process, and the peak P1 with 

summit frequency at ca. 3 Hz, attributed to the gas conversion process responds changes on the change of the 

“fuel” gas. The process P6 at ca. 20 kHz which does not change with H2O partial pressure can likely be attributed 

to the ion transportation through the composite fuel electrode. The oxygen electrode peak P3, cannot be directly 

distinguished from the fuel electrode response due to overlapping with the gas diffusion process, but it can be 

clearly identified when changing the gas on the oxygen electrode to CO2 as evident in Figure 4b, where the DRT 

peak increases strongly at 50Hz upon introducing CO2. No noticeable peak change can be seen when changing of 

sweep gas from air to no gas, however, a large peak increase of P3 can be seen at frequency range of 10-200 Hz 

upon changing to CO2 purge at the oxygen electrode. Hence, the CO2 surely impedes this process – which has in 

literature been ascribed to a  reaction of CO2 and LSC oxygen electrode[15].  

 

 
Figure 5: EIS and DRT analysis of the impedance measured during the durability test 

Figure 5 presents the EIS measured during the durability test of the three cells. DRT analysis was applied to better 

represent frequency resolution of the recorded impedance data during the degradation process. It can be seen 

from the Nyquist plot in Figure 5 top figures that for all the three tests, both ohmic and polarization resistance 

increased during the durability test. At least four distinguishable peaks can be identified from the DRT plots. 

Cell_air and Cell_nan have a very similar degradation behavior in terms of peak evolution and corresponding 

changes in summit frequencies. Large peak increase and frequency shift can be seen for P4 and P5 at the frequency 
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range of 100-1kHz and 1-10 kHz for all the three tests as marked with gray arrow in the figures, both processes 

originating from the fuel electrode. An extra peak of P3 can be seen from the Cell_Co2, where a significant 

increase of the peak at ca. 40 Hz can be identified, which overlapped with the process P4 at frequency of 100-1k 

Hz after 200h test. Such a process, however, is not seen on the Cell_air and Cell_nan. It is therefore clear that 

CO2 has very negative effect on the cell durability. It is also clear, that at cell level it makes no difference on 

performance and durability whether to purge away the oxygen produced with air or age the cell in the 

atmosphere defined by the produced oxygen.  

5 Post-test analysis 

It is speculated that carbonate such as SrCO3 formation might be the cause for the degradation/passivation of 

oxygen electrode, and literature has shown that CO2 has a strong side effect on the LSC or LSCF based oxygen 

electrodes[14,15,18]. To detect any carbonate formation, X-ray diffraction (XRD) analysis was performed on the 

oxygen electrode surface of the tested samples and the results is presented in Figure 6. 

 

 
Figure 6: XRD analysis on the oxygen electrode surface of the tested cells. 

Almost no detectable SrCO3 formation is seen on the oxygen electrode surface of the tested cells, very small peaks 

may likely be related to SrCO3, which however appeared on both Cell_co2 and cell_air, indicating that such a 

peak is not directly related to the CO2 purge gas.  

SEM analyses were carried out on the polished surface of the tested cells and focus was put on the oxygen 

electrode surfaces. Figure 7 presents the SEM results of the tested cells. The oxygen electrode of the tested cells 

showed very similar morphology compared with the reference cells, no noticeable difference was observed. It is 

therefore speculated that the influence of CO2 on the oxygen electrode was mainly due to the surface adsorption 
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which blocked the active reaction site for oxygen evolution. The absorbed CO2 was then swapped to O2 and Air 

when CO2 purge gas was stopped and switched to Air. The difference in the cell degradation is due to the uneven 

current distribution caused by CO2 passivation of the oxygen electrode.     

 

 
Figure 7: SEM analysis of the oxygen electrode surface of the four tested cells. 

6 Conclusion 

The effect of purge gas on the oxygen electrode on the durability of three SOECs under steam electrolysis 

condition have been studied. Purging SOEC with air or dosing no purge to the oxygen electrode compartment 

leads to similar overall degradation behavior. Slightly lower degradation rates in the last 200 h for the test, 

Cell_nan with no purge, compared with Cell_air could be due to air impurities. More tests would be however, 

needed to conclude on effects of impurities in the air stream. Using CO2 as purge gas leads to higher degradation 

rates than air or no purge gas. There is both an immediate increase in electrode resistance when using CO2 (which 

is partially removed when terminating the purge), and an increase in the Rp degradation rate. XRD analyses 

showed no difference in the SrCO3 phase formation between Air and CO2 as purge gases and SEM revealed the 

similar morphology of the oxygen electrode. Therefore, it is speculated that the influence of CO2 on the oxygen 

electrode was mainly due to the surface absorption which blocked the active reaction site for oxygen evolution. 
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