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Optimization of metal-supported solid oxide electrolysis cells with infiltrated catalysts 

Martha M. Welander, Boxun Hu, and Michael C. Tucker* 

  

Abstract: 

Metal-supported solid oxide electrolysis cells (MS-SOECs) are being developed for steam-to-hydrogen 

electrolysis, especially for utilization of dynamic or intermittent electrical power from renewable sources. 

Various aspects of the electrocatalyst processing and composition, and metal support structure were 

explored. Catalyst materials, infiltration temperature and infiltration cycles were optimized for high 

performance and durability. Numerous catalyst materials were screened for both oxygen and steam 

electrodes. The oxygen catalyst had moderate impact on both initial cell performance and durability. 

Reducing Ni content in the steam electrode had little effect on durability, but reduced initial performance. 

Ex-situ XRD analysis and cell assessment of catalyst infiltration temperature revealed that the optimal range 

is 750 to 850 C. The best cell performance and durability was achieved with LSCF-SDC oxygen 

electrocatalyst and SDC-Ni (60:40 vol%) steam electrocatalyst infiltrated 11 times at 800 C and operated 

at 700 C. At low steam content, a significant mass transport limitation on the steam side results in limiting 

current behavior. Thinner and more porous metal supports were implemented, and found to improve steam 

mass transport at low steam content, relevant for SOECs operating under high H2 recycle rate or high steam 

utilization.    
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Introduction  

Hydrogen offers a solution to decarbonize industrial processes and economic sectors where reducing 

emissions is both urgent and difficult. Hydrogen production is dominated by fossil fuel reforming, partial 

methane oxidation and coal gasification with poor environmental credentials[1]–[3]. Steam electrolysis 

allows for hydrogen production with reduced emissions and carbon neutrality provided that the electricity 

used is generated via renewable sources. Compared to low temperature electrolysis cells, solid oxide 

electrolysis cells (SOECs) boast higher hydrogen production rates for a given overpotential with lower 

electrical energy requirements, and do not require expensive precious metal catalysts[4], [5].  

Conventional SOECs consist of two porous electrodes, the anode and the cathode, separated by an 

ionically conducting electrolyte. H2O and/or CO2 is electrochemically reduced at the cathode to produce H2 

and/or CO fuels and oxygen ions.  Oxide ions are conducted through the dense electrolyte to the anode 

where they are oxidized to produce pure oxygen.  High operating temperatures required for adequate SOEC 

performance (typically ≥ 700 °C) introduce thermal expansion, and allow for rapid formation of NiO in the 

cathode if it is exposed to oxidizing conditions. These changes make mechanical stress within the cell 

inevitable and comprise critical hurdles that must be overcome for successful SOEC commercialization. 

For example, conventional SOEC sensitivity to redox and thermal cycling due to brittle ceramic 

components pose challenges to intermittent operation with renewable sources[6], [7].  

Metal-supported SOECs (MS-SOECs) with porous stainless steel substrates may offer several 

advantages over conventional SOECs for intermittent operation when utilizing variable energy sources such 

as solar and wind. These advantages include low cost structural materials, mechanical ruggedness, and 

excellent tolerance to thermal and redox cycling (based on demonstrations in fuel cell mode). Operation of 

metal-supported cells in fuel cell mode (MS-SOFCs) is extensively studied, but limited work has been 

devoted to MS-SOECs. Like standard SOECs, MS-SOECs are often designed with reversible SOFC 

operation in mind but current development lags conventional SOECs [8]. Current MS-SOEC performance 

is typically below 0.8 A cm-2 at 1.3 V compared to >1 A cm-2  in standard SOECs [9]–[13]. To realize their 



full potential, tailored optimization of MS-SOECs is necessary. Previously, our group has selected 

electrocatalysts for infiltration into MS-SOECs, identified Cr migration in the anode and catalyst coarsening 

in the cathode as primary degradation modes, and demonstrated the use of coatings on the stainless steel to 

reduce Cr migration[14]–[16]. This work further explores a number of material composition, processing, 

and operational parameters that influence MS-SOEC performance and durability. Symmetric-structured 

MS-SOECs with porous metal supports on both sides are utilized. This structure allows rapid catalyst 

infiltration and easy modification of the catalyst compositions, enabling numerous steam and aoxygen side 

electrocatalysts to be screened here. The processing temperature of the oxygen side electrocatalysts was 

investigated to determine sensitivity of crystalline phases and balance the risks of metal support oxidation 

and catalyst interdiffusion. Additionally, the catalyst loading and cell operating temperature are explored.  

The impact of these parameters on performance and durability is discussed. Finally, the impact of the metal 

support structure on mass transport limitation at low steam content is assessed.   

 

 

Materials and methods 

MS-SOECs consisting of thin ceramic scandia-ceria-stabilized zirconia (ScSZ) electrolytes, ScSZ 

scaffold backbone layers with infiltrated catalysts, and ferritic stainless steel supports were used for this 

work and prepared with techniques reported previously [17]. Detailed information on the MS-SOEC 

structure can be found in reference [8, 18], and a cross-section image of the cell structure is shown below 

in Figure 6. Standard cells were ~26 mm in diameter with 12 µm thick electrolyte, 25 µm thick electrodes, 

and 250 µm thick porous metal supports. Standard cell structure was used throughout this work, except 

where noted. The standard structure is the same as our group has used for several years, as reported in the 

references above. For comparison to standard cells, thinner and more porous metal supports were prepared 

by adding 50% additional poreformer (PMMA, Sekisui), and casting with a smaller gap between the 



substrate and blade. Laminated green tapes were laser cut (Hobby model, Full Spectrum Laser) into button 

cells that were de-binded in air at 525 °C for 1h and sintered at 1350 °C for 2 h in 2 % H2 in Ar, and pre-

oxidized in air at 850 °C for 10 h to form a Cr-protective scale in the metal support [19], [20]. Air-side 

metal supports were coated with CuMn1.8O4 using electrophoretic deposition and heat treated at 1000 °C 

for 4 h in 2 % H2 in Ar and at 750 °C for 5 h in air[14]. 

Cells were infiltrated by masking the edges with acrylic paint (Liquitex) and infiltrating with metal 

nitrate catalyst precursor solutions under vacuum. Catalyst solutions were prepared by mixing 

stoichiometric amounts of metal nitrates with Triton-X 100 (both Sigma Aldrich) in water to a total metal 

nitrate concentration of 3.3 M and 3.7 M for the cathode and anode, respectively. The entire pore volume 

of the electrode and metal support layers were filled with solution during each infiltration cycle, by using 

mild vacuum to extract air. The oxygen electrocatalyst was a composite of La0.6Sr0.4Co0.2Fe0.8O3 and 

Sm0.02Ce0.8O2-δ (LSCF – SDC) and the steam electrocatalyst was 40 vol% Ni-60vol% Sm0.02Ce0.8O2-δ 

(SDCN40), except where noted. Oxygen and steam catalysts were infiltrated 11 times each and fired at 800 

°C in air and calcined for 30 min between infiltrations to convert the precursors into the appropriate oxide 

phases, except as otherwise specified. In other studies, the oxygen electrocatalyst or steam electrocatalyst 

were varied, independently. Alternative oxygen catalysts tested were Pr2NiO4-SDC, La2NiO4-SDC, and 

LSCF- Pr0.02Ce0.8O2-δ (PDC). Alternative steam catalysts tested were pure SDC, SDCN10, and SDCN60, 

with 0, 10, or 60 vol% Ni respectively. 

Cell testing followed a published protocol[17]. Platinum wires and mesh were spot welded onto 

the electrodes for electrical connection. Cells were sealed onto 410 stainless steel rigs using glass paste (80 

wt% glass powder, GM31107 Schott and 20 wt% ink vehicle, Fuel Cell Materials). Test rigs were placed 

inside tube furnaces and heated to 90 °C at 10° C/min, 200 °C at 2°C/min, and to 700 °C  at 10 °C/min. 

Oxygen electrodes were exposed to static air and steam electrodes were flushed with N2 followed by initial 

reduction in humidified H2 (3% H2O).  Cells were considered fully reduced when the open circuit voltage 

(OCV) stabilized at ~1.10 V. Catalyst pre-coarsening was performed at 750 °C for 4 h prior to initiating 



testing at 700 °C (or other operating temperature). The heated water bubbler and heat-traced lines delivering 

H2 were heated to produce a 50/50% H2O/H2 mixture for electrolysis operation.  

Electrochemical measurements were performed with a VMP3 multi-channel potentiostat and 

current booster (Biologic). Linear sweep voltammetry (LSV) recorded the I-V polarization curve with a 

sweep rate of 10 mV/s between the open-circuit voltage (OCV) and 1.4 V (vs. Ref). Electrochemical 

impedance spectroscopy (EIS) measurements were collected at OCV with an AC voltage amplitude of 5 

mV over a frequency range of 100 mHz to 200 kHz. For durability testing, a constant current of 0.5 A cm-

2 was applied.  

XRD spectra were collected for LSCF powders fired between 650 and 950 C to determine 

differences in phase and purity. LSCF powder was prepared by heating the catalyst precursor solution to 

300 C followed by 30 min firing at the desired temperature.  Spectra were collected using a Bruker XRD 

between 20 and 80 2 at ambient temperature.  

Results and Discussion 

Oxygen Electrode 

A variety of MS-SOEC oxygen electrocatalysts were screened for initial performance and 

durability. Catalyst selections were made based on previous work and literature studies. Conventional 

SOEC oxygen electrodes have often been composed of LSM or LSCF. While LSM is a good catalyst in the 

800 to 900 °C range, LSCF has better performance at lower temperatures and was therefore selected as the 

baseline catalyst here for operation in the 650 to 750 °C range [21]. Addition of an ionic conductor into the 

oxygen electrode to form a composite catalyst significantly improves performance of MS-SOECs by 

expanding triple phase boundary lengths and increasing ionic conductivity[22]. Sm-doped ceria was used 

as the ionic conductor in our previous MS-SOEC work,[15] and is compared to Pr-doped ceria here. In 

conventional SOECs Pr-based materials provide faster oxygen incorporation that traditional perovskites 

such as LSC and LSCF, increasing performance [23]. Other promising oxygen electrocatalysts include 



Ruddlesden-Popper phases due to their MIEC properties and good chemical stability [24]. Nickelates have 

recently received much attention due to their ability to accommodate larger over-stoichiometry of oxygen 

at the electrode-electrolyte interface better than other oxygen conducting materials[21], [25]. For these 

reasons, Pr2NiO4 and La2NiO4 were selected to represent these classes of catalysts.  

Despite slight differences in initial performance, short term durability was similar for all oxygen 

electrocatalysts, Figure 1. Cells with LSCF-SDC and Pr2NiO4-SDC composite catalysts showed high initial 

performance with current density of 0.8 A cm-2 at 1.4 V. The performance of LSCF-PrDC was 0.68 A cm-

2  at 1.4 V. Lowest performance was observed for the La2NiO4 SDC at 0.5 A cm-2 at 1.4 V. Based on short 

term durability, degradation rates are estimated to be ~20 % kh-1 for all catalysts after the first ~25 h of 

initial transients are complete. The similar degradation for all compositions implies that evolution of the 

oxygen electrocatalyst does not dominate degradation. This is consistent with recent post-mortem analysis 

of MS-SOECs after 1000 h operation, which ascribed degradation to steam electrode catalyst coarsening, 

Cr poisoning of the oxygen electrode, and oxidation of the metal support [16]. Based on these results, 

LSCF-SDC was selected for further optimization of the catalyst loading and infiltration processing 

temperature.  



 

Figure 1. Oxygen electrode catalysts. (a) Initial performance and (b) durability of various oxygen 

electrodes for MS-SOECs at 700 °C and 50:50 H2:H2O. Steam electrodes are SDCN40 for all cells.   

The infiltrated oxygen catalyst loading affects performance and durability. Cells were infiltrated 

with 7, 11 and 15 cycles of LSCF-SDC catalyst, Figure 2. Cells infiltrated 11 and 15 times displayed similar 

performance and durability. In contrast, 7 cycles of infiltration led to decreased performance and poor initial  

durability, likely due to inadequate catalyst loading to achieve good ionic and electronic percolation. EIS 

indicated larger polarization resistance compared to cells with more infiltration cycles, Figure 2b. This is 

consistent with previous reports that a threshold infiltration loading must be attained for good 

performance[26], [27]. It is expected that exceeding 15 cycles would over-fill the electrode and support 

pores, thereby decreasing performance due to mass transport limitation. Based on the similar results for 11 

and 15 cycles, and the desire for fewer cycles to save fabrication time, 11 cycles was selected for all further 

optimizations.   

 

 



 

 

Figure 2. Oxygen catalyst infiltration cycles. (a) Initial performance (b) EIS and (c) durability of MS-

SOFCs with varying infiltration cycles of LSCF-SDC oxygen electrodes and 11 infiltration cycles of SDCN 

steam electrodes at 700 °C and 50:50 H2:H2O. SEM images of varying infiltration cycles can be found in 

the supporting information.  

Oxygen electrocatalysts are affected by the infiltration processing temperature. LSCF sintering 

typically occurs around 1100 °C or lower to minimize interdiffusion with adjacent materials. For MS-

SOECs, an even lower processing temperature is required to avoid rapid oxidation of the metal support [8]. 

Infiltration temperature in the range between 650 and 900 °C is studied here. Powder XRD shows increased 



perovskite peak intensity and narrower peak width ascribed to higher crystallinity with increasing 

temperature, Figure 3a. Higher crystallinity did not translate to higher performance. Higher treatment 

temperatures have been shown to reduce the apparent conductivity of LSCF. As treatment temperature has 

a significant impact on microstructure, agglomeration caused by higher temperatures reduces 

interconnectivity between LSCF particles thereby decreasing conductivity[26]. Also, there is a noticeable 

crystalline impurity phase at 850 °C and above. Performance and durability in the 750 to 850 °C range was 

superior to those at both lower and higher temperatures. Both high initial performance and low degradation 

are achieved at 800 °C, and this temperature was selected for further optimizations. Infiltrating at 800 °C 

may provide appropriate balance between LSCF crystallinity, secondary phase formation, particle contact 

and percolation, and Cr migration into the oxygen electrode. Cr is known to migrate from the metal support 

during infiltration, and the rate is expected to increase at higher processing temperature[14].  



 

Figure 3. Oxygen catalyst infiltration temperature. (a) XRD spectra of LSCF precursor after calcining 

at varying temperatures (°C), with circles denoting LSCF phase peaks. (b) Initial performance and 

durability as a function of catalyst calcining temperature, and (c) durability at 700 °C operating temperature 

for cells with selected catalyst calcining temperatures.  

Steam Electrode 

Although Ni is the standard electrode for steam electrolysis, its long term durability at high 

temperature and in oxidizing environment is limited. Ni catalyst evolution is widely accepted to be a major 

cause of SOEC degradation [28]–[31]. Ni particle coarsening decreases the number of active sites, 

diminishing performance over time. In conventional electrodes, Ni migrates away from the electrolyte at 

temperatures below 900 °C resulting in loss of contact between Ni and zirconia particles. This is especially 

true at high current density such as 1 A cm-2 [32]. Curtailing current density to reduce degradation is 



undesirable, however, as operating high-performance SOEC stacks around the thermo-neutral point 

requires high current density.  

Ni:SDC ratio in the steam electrode of 40:60 vol% provides the best performance and durability, 

Figure 4. High Ni content leads to high performance, as Ni has higher electronic conductivity and 

electrocatalytic activity than SDC. SDCN40 and SDCN60 electrodes achieved initial performance above 

0.8 A cm-2 at 1.35 V, Figure 4a. It is interesting that low Ni content (SDCN10) and even Ni-free SDC 

compositions provided moderate performance around 0.4 A cm-2 at 1.35 V, suggesting that pure SDC is a 

sufficient electrocatalyst for steam electrolysis. Ni coarsening was identified as a primary degradation mode 

for this MS-SOEC design[16]. Consistent with this previous finding, SDCN60 showed nearly twice the 

degradation rate of SDCN40 at 30% kh-1 and 14% kh-1, respectively. Durability of the low Ni electrodes 

was similar to the SDCN40 electrode. Cells with no Ni degraded at a rate of 12 % kh-1 while SDCN10 

electrodes degraded at 18 %kh-1, suggesting that SDC evolution is a secondary degradation phenomenon. 

Based on these results, SDCN40 was selected as the best ratio. SEM imaging (found in the supporting 

information) was collected after operation. Images indicated that SDCN10 catalyst particles were < 50 nm 

in size, similar to fresh catalyst particle size after initial reduction, whereas SDCN60 particles coarsened 

significantly to 100 nm and larger. This reiterates that for higher Ni content, Ni coarsening is a primary 

degradation mode while SDC coarsening is a minor or secondary degradation mode.     



 

Figure 4. Steam electrode catalysts. (a) Initial performance and (b) durability of various steam electrodes 

for MS-SOECs at 700 °C and 50:50 H2:H2O. Oxygen electrocatalyst is LSCF-SDC for all cells.   

Operating Temperature 

Operating temperature significantly impacts the cell performance, Figure 5. MS-SOECs operating  

around 600 °C risk accelerating breakaway oxidation, as the Cr diffusion rate is lower than the Cr oxidation 

consumption rate at this temperature [8]. At operating temperatures of 650 °C and above, a normal 

protective Cr-based oxide scale is formed. Higher operating temperatures, however, can lead to increased 

particle agglomeration and pose a greater challenge in the choice of hermetic seals. Optimized cells with 

LSCF-SDC oxygen electrodes and SDCN40 steam electrodes with 11 infiltration cycles fired at 800 C 

were operated in the range 650 to 750 °C. Initial performance exceeded 1A cm-2 at 1.3 V at 750 °C, Figure 

5a. Initial performance at 700 °C and 650 °C was 0.8 A cm-2 and 0.45 A cm-2, respectively. Stable long-

term durability was observed at 700 °C. Faster degradation was observed at 750 °C; Ni agglomeration and 

Cr migration are both thermally activated. Due to low initial performance, 650 C durability data was 

collected at 0.33 A cm-2 rather than 0.5 A cm-2. Cell degradation remained low and stable at 650 °C for 300 



h, and then started to increase. Thus, a relatively narrow operating temperature range around 700 °C is 

considered important to balance performance and durability. This may not be a problematic limitation, as 

SOECs operating around the thermoneutral voltage do not experience large temperature gradients[33].  

 

Figure 5. Operating temperature. (a) Initial performance and (b) durability of optimized MS-SOECs with 

50:50 H2:H2O.  

 

Cell Support Structure 

The pore structure of the metal support can limit steam mass transport, similar to the oxygen mass 

transport restriction observed in SOFC mode[34]. Standard metal supports are approximately 250 µm thick. 

These give rise to a significant mass transport limitation at low steam content, leading to limiting current 

behavior, Figure 6. To improve mass transport, the metal support structure was made thinner 

(approximately 200 µm) and more porous (50% more poreformer added). Details of the metal support 

optimization is reported in reference [35]. When operating with 10% H2O, the improved MS-SOEC had a 

limiting current of 0.250 A cm-2 compared to 0.175 A cm-2 for a standard cell. For 25% H2O, the improved 

and standard cells had a limiting current of 0.430 and 0.288 A cm-2, respectively. No limiting current was 



apparent for either cell with 50% H2O. Limiting currents were used to calculate the steam transport 

resistances using the methodology in Ref [36].Transport resistance at 25% steam was 209 sec m-1 for 

standard supports and 140 sec m-1 for thinner, more porous supports, resulting in improved limiting current 

performance for the latter. The improvement in limiting current would be valuable for a SOEC system 

operating at high H2 recycle rate or high steam utilization.  

 

 

Figure 6. Impact of metal support structure on limiting current. SEM images of cells with (a) 

standard and (b) thinner, higher porosity metal support structures and (c) comparison of limiting current 

in these cells at various H2O:H2 ratios.  

 

Conclusion  

MS-SOECs were optimized for various parameters that influence performance and durability. 

Changing the oxygen catalyst composition produced little difference in degradation rate. A catalyst 



composite of LSCF and SDC showed the best performance. The processing temperature of the oxygen 

catalyst had a significant impact, with 800 °C providing both the best performance and durability. Steam 

electrodes were optimized by varying the Ni content in the Ni-SDC catalyst mixture. While higher Ni 

content increased performance, higher degradation rates were also observed likely due to enhanced Ni 

particle coarsening. Removing or limiting Ni to 10 vol% significantly reduced performance, but durability 

remained comparable to cells with the optimum 40 vol% Ni content. Operating temperature was also found 

to affect long term durability of the optimized cells. The ideal operation temperature for these MS-SOECs 

is 700 °C, as this provides a suitable trade-off between performance and durability. Finally, steam mass 

transport limitation in the metal support was explored at low steam contents. Thinner and more-porous 

metal supports increase the limiting current compared to standard cells, at steam levels below 50%. This 

work demonstrates the necessity of tuning metal supported cells for electrolysis mode, as processing, 

composition, structure, and operational changes have profound effects on performance and durability. 

Continued MS-SOEC development is anticipated to allow performance to approach that of conventional 

ceramic cells. In turn, MS-SOECs can be used in dynamic applications where ceramic cells are limited and 

metal supports provide benefit.  
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