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This procedure describes the setup and testing protocol for metal-supported solid oxide electrolysis cell (MS-SOEC) button cell performance evaluation. It defines a standard testing protocol, describes materials selection, and identifies common pitfalls for testing MS-SOEC button cells.
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INTRODUCTION
This procedure describes the setup and testing of metal-supported solid oxide electrolysis cell (MS-SOEC) button cells. Many features are quite similar to the procedure for testing electrode-supported or electrolyte-supported SOECs. There are several key differences for MS-SOECs, however. The operating and sealing temperature limits are lower, as MS-SOECs with stainless steel supports should not be exposed to oxidizing conditions at temperatures that promote rapid chromia scale growth. The operating temperature is typically lower than 750°C for long term stability, and the maximum sealing temperature is around 850°C. For symmetric-architecture MS-SOECs with porous metal supports on both sides, the sealing surface is the thin face of the dense electrolyte on the edge of the cell. This makes compression seals difficult to implement, so glass paste or ceramic adhesive seals are preferred. Electrical leads can be directly spot-welded to the metal support, eliminating the challenges associated with applying paste-and-mesh current collectors.
Several groups globally have reported MS-SOEC steam electrolysis testing efforts, and the results were reviewed recently (Tucker, 2020). For oxide-conducting MS-SOECs, cells were operated in the temperature range 600–800°C with steam content ranging from 30 to 90%. Proton-conducting MS-SOECs were typically operated around 600°C, with some as low as 400°C. A range of test rig designs, materials, and sealing strategies were implemented. For example, a ceramic rig with Pt mesh current collectors and gold/glass sealing was used to test an oxide-conducting cell prepared by plasma spraying the electrolyte onto a stainless steel substrate (Schiller et al., 2009). A stainless steel rig with Pt mesh current collectors welded to the cell and glass sealing was used to test an oxide-conducting cell prepared by co-sintering and catalyst infiltration (Wang et al., 2019; Shen et al., 2020). A commercial Probostat test rig with Pt mesh and Pt paste current collector and compressed mica seal was used to test a proton-conducting cell prepared by pulsed laser deposition (Stange et al., 2017). In many cases the details of the test rig, sealing material, and test protocol were not reported.
The objectives of this procedure are to define a standard testing protocol, describe materials selection, and identify common pitfalls for testing MS-SOEC button cells. This procedure contains preparation and operation details specific to MS-SOECs, a discussion of seal and test rig materials, alternative sealing and start-up protocols for a metal test rig with glass seal or alumina test rig with ceramic adhesive seal, and a discussion of the consequences of off-normal operation.
PROTOCOL SCOPE
Scope and Applicability
This procedure applies to sealing and operation of MS-SOEC button cells. Procedures for larger cells mounted with flowfields, manifolds, or interconnects can be adapted from this procedure but are not explicitly described. The procedure does not cover cell fabrication, rig design details, steam generator or humidifier designs, detailed electrochemical diagnostic, and operational techniques, or post-mortem analysis, many of which are covered in detail elsewhere in this issue. The step-by-step procedure was developed during the authors’ research on symmetric cells with oxide-conducting electrolyte and porous stainless steel supports on both sides. Variations in the procedure for other electrolyte and support materials or cell architectures may be necessary.
Summary of Method
The protocol provides for reproducible operation of MS-SOEC button cells at a variety of operating conditions. A pre-fabricated metal-supported solid oxide electrolysis cell is connected to a platinum or nickel mesh with conductive wire leads on the steam electrode side. Then the cell is sealed on a test rig (typically with glass paste or ceramic adhesive). Hydrogen is humidified to a specific steam content and delivered to the test rig via a heated tube. The MS-SOEC is then operated. A schematic setup with heated bubbler for controlling the steam:hydrogen ratio is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic and photograph of a MS-SOEC test setup with a heated bubbler as the humidification system.
Personnel Qualifications/Responsibilities
Users must be trained on the safe handling and use of hydrogen, high-temperature furnaces, pressurized gas systems, and electrical systems. Users also need basic knowledge of electrochemistry and understanding of electrochemical characterization methods prior to implementing the procedure. Additional training or certification is required before modifying the setup or equipment, for example the Qualified Electrical Worker training.
Health and Safety Warning
H2 is flammable and explosive, with flammability occurring between the limits of 4.0 and 75.0% based on the volume of hydrogen in air at 1 atm. H2 cylinders should be secured away from the testing furnace or any other heat source. Metal tubing (not plastic) should be used for H2 and all tubing and connections should be leak-checked before normal operation. The testing furnace should be located in a fume hood or other ventilated area for increased safety in the case of a hydrogen leak. It is preferred to have a hydrogen gas sensor mounted in the lab area. Other hazards include: glassware which may become pressurized, electrical energy, hot steam, and hot surfaces. Follow guidelines of the research institute, fire marshal, and other regulatory bodies.
Equipment and Supplies
Examples of useful equipment and supplies are listed in Table 1. Many alternatives exist, but these items have been used successfully by the authors. Required equipment includes a furnace, electrochemical potentiostat, mass flow controller, humidification system, and gas delivery system for hydrogen. Optional equipment includes a gas delivery system for air, humidity meter (for example EE23, E + E Elektronik Ges.m.b.H, Germany) suitable for high absolute humidity, hydrogen sensor, and fume hood.
TABLE 1 | List of suitable supplies and test stand equipment.
[image: Table 1]Options for the hydrogen humidification system include a heated bubbler, reaction of mixed oxygen, and excess hydrogen streams inside the test rig, a controlled evaporation mixer, vaporization chamber with low-flow liquid pump for water delivery, a pressurized vaporization chamber with restricted flow orifice, and a steam generator. Due to the low flowrates associated with button cell operation, the first two options are the most suitable, whereas the other options are preferred for large cells or stacks. Downstream of the hydrogen/steam mixing unit (for example a heated bubbler), all tubing and connections must be heated to above the dewpoint of mixture to eliminate condensation of liquid water. A temperature of ∼120°C is recommended. This can be accomplished with heat-traced lines or heating tapes wrapped around the lines. Junctions between lines and other fittings are common cold spots, and special attention must be paid to insulating or actively heating them.
Required materials include hydrogen, DI water, and a seal material. Optional materials include compressed air and an ink vehicle for glass powder such as terpineol.
The ubiquitous alumina tube test rig design used in research laboratories worldwide for SOFC/SOEC button cell testing can also be used for MS-SOEC testing, Figure 2A (Pomfret et al., 2008; Wu et al., 2017; Shen and Lu, 2018; Cui et al., 2021). A ceramic adhesive or sealing glass that wets and bonds to both the button cell and the test rig is required. Alumina paste (Ceramabond 552, Aremco) or glass powder (GL-1709, Mo-Sci) are acceptable (Tucker, 2017; Wu et al., 2017). The alumina tube and MS-SOEC have significantly different coefficients of thermal expansion (CTE), and the resulting stress typically cracks the seal during cooling down from operating temperature to room temperature. This precludes repeated or rapid thermal cycling, which is an important feature to demonstrate for MS-SOECs. A metal test rig with well-matched CTE enables thermal cycling. Stainless steel alloy 410 is a suitable material for the test rig. Various glasses will wet and bond with the metal test rig and MS-SOEC, including GM31107 (Schott) and V1515 (3M) (Tucker, 2017; Deka et al., 2019). Both have CTE that is well matched with the metal components, enabling rapid thermal cycling. Seal materials that contain K or Na can accelerate Cr poisoning of the SOEC anode by enhancing Cr evaporation from nearby stainless steel components (Cruse et al., 2007; Tucker et al., 2017). This is especially a concern for MS-SOEC architectures that have a porous Cr-containing alloy support, such as stainless steel, in the anode (oxygen) side, Figure 2B. Cermabond 552 contains Na, so is best used for short-term performance studies only. Alkali-free glasses, such as GM31107 are preferred for long-term durability studies.
[image: Figure 2]FIGURE 2 | Schematic and photographs of MS-SOECs sealed onto test rigs. Electrical lead wires and gas tubing are omitted from the schematic for clarity. The arrows point to the critical sealing surface where the seal material (light blue or light green) contacts the dense electrolyte layer (orange). (A) MS-SOEC with a metal support on one side only, and exposed electrolyte on the perimeter of the top surface, sealed to an alumina tube test rig using ceramic adhesive. (B) Symmetric-architecture MS-SOEC mounted with glass seal on a test rig machined from 410 stainless steel. Note that the sealing surface is much smaller for (B).
PROCEDURE
Step-by-Step Procedure
Step by Step Procedure—metal rig and glass seal
1) Check the test rig for any damage. Polish the surface which will be in contact with the cell with sandpaper.
2) Prepare glass seal slurry: A typical example is 12 g Schott GM31107 glass powder and 3 g terpineol ink vehicle mixed by a centrifugal mixer (Thinky, Japan). A typical amount of slurry used is 60 mg per cm of cell perimeter length.
3) Connect the steam electrode to a Pt or nickel mesh by spot welding. The mesh is spot welded to metal wire leads for electrical connection to the potentiostat.
4) Center the cell on the test rig and load glass paste on the edge of the cell with a syringe. It is critical to ensure the seal material contacts the thin electrolyte edge, as this is the sealing surface, see Figure 2B. Typical thermal treatment: 90°C/0.2 h (10°C/min), 200°C/0 h (2°C/min), 700°C/1 h (10°C/min), cool down to room temperature (10°C/min).
5) Connect the air electrode to a Pt or Au mesh by spot welding. Similar to the steam electrode side, the mesh is spot welded to metal wire leads for electrical connection.
6) Apply a second layer of glass slurry if needed to cover defects in the first layer and fire it with the same procedure.
7) Connect the conductive metal wires to the potentiostat and monitor the OCV change. The OCV should be close to 0 V.
8) Check the water bubbler and H2 tubing. Make sure all connections are tight and there is no leakage.
9) Flush the water bubbler with H2 to remove the oxygen inside.
10) Flush the test rig with nitrogen before connecting it to the H2 tube. The OCV is around 0.1 V with nitrogen.
11) Connect H2 tube to the test rig. The OCV should increase to >1.1 V. Typical H2 flow is 150 SCCM for 3% H2O/97% H2 and 75 SCCM for 50% H2O/50% H2. Keep an eye on the water level in the bubbler during testing and refill it if the water is depleted.
12) Set the temperature (81.7°C for 50% H2O/50% H2) of the silicone oil bath with the DI water bubbler inside. Wrap the metal tube connecting the bubbler to the test rig with a heating belt. Set the temperature of the heating belt to be 40 °C higher than the oil bath (around 120°C). It should be noted to avoid wrapping the heat tape on itself or it could be burned.
13) Wait for equilibrium of the bubbler temperature; it could take up to 2 h.
14) Conduct electrochemical tests, such as LSV, EIS at OCV, durability with constant voltage or current. For LSV, scan the voltage from 0 V (vs. Eoc) to 1.5 V (vs. Ref) with the speed of 10 mV/s. For EIS at OCV, scan the frequency from 200 kHz to 100 mHz with amplitude of 5 mV. For the durability test, apply a constant voltage (like 1.3 V vs. Ref) or a constant current (like 2.5 A, which is equal to 0.5 A/cm2 for a 5 cm2 cell).
Step by Step Procedure—alumina rig and ceramic adhesive seal
1) Secure fuel electrode electrical leads by spot welding with Pt or Ni mesh.
2) Mix the alumina paste (Ceramabond 552, Aremco) well and apply a thin layer of paste to the top surface of the alumina test rig tube.
3) Working quickly (to avoid dry paste), center the SOEC button cell on the test rig with the steam electrode and wires facing down and press down gently to secure to the alumina paste. Allow to dry for ∼1 h.
4) Apply another layer of the alumina paste to the perimeter of the SOEC taking care to thoroughly seal the dense electrolyte on the edge of the cell. A typical amount of paste is 100 mg per cm of cell perimeter length. Allow to dry for ∼1 h.
5) Apply a third layer of paste to drape over the edge of the cell. Allow to dry for ∼1 h and repeat.
6) Spot weld the electrical leads to the oxygen electrode (facing up) using Pt or Au mesh.
7) Curing the alumina paste can be done in the same furnace used for testing. Typical thermal treatment includes: 93°C/2 h (10°C/min), 260°C/2 h (2°C/min), and 700°C/hold (10°C/min). Thermal treatment can be done under flowing H2 starting at room temperature. This is in contrast to the glass seal, where the cell and seal is heated in air then hydrogen is introduced at the operating temperature.
8) Check tubing and connections for leaks, and flush the system with nitrogen prior to the flow of H2.
9) When the cell is at desired operating temperature, connect metal wires to the potentiostat and monitor OCV. The OCV should be > 1.1 V.
10) For operation with 50%H2O/50%H2 conditions see steps 12–13 above.
11) Wait for the temperature of the water bubbler to reach equilibrium and conduct the electrochemical test (see step14 above).
When the test is done and the furnace has cooled down to room temperature, disassemble the cell from the rig. For glass seal, one way to detach the cell from the test rig is using a diamond saw to cut off a small seam on the interface of the cell edge and the glass seal, and then peel off the cell with a tweezer. Ceramic adhesive seals often are cracked after cooling down, and can be removed by grinding with an abrasive wheel or by impacting with a small hammer. Measure the active area of the cell for use in calculating the current density, hydrogen production rate, or other area-based metrics. For a cell with metal support on one side only, the active area is generally defined by the smaller electrode (top electrode in Figure 2A). For a symmetric-architecture cell with metal supports on both sides, the active area is defined by the portion of the cell that is not covered by seal material.
The procedure for metal-supported proton-conducting electrolysis cells is similar to that described above except for the gas compositions. Generally, dry hydrogen or nitrogen is used as the sweep gas on the cathode and steam/air or steam/oxygen on the anode side.
Possible improvements include adding flowing air to sweep oxygen produced at the anode. It is recommended to intermittently monitor OCV when undertaking long-term tests, to assess electrolyte or seal damage that could result in gas leakage. When performing electrolysis operation, a drop in OCV due to leakage or increased steam content appears as a false improvement in performance (increased current at fixed voltage, or decreased voltage at fixed current). While 50% H2O/50% H2 and 700°C is the standard operating point, it is useful to characterize the cell performance over a wide range of steam:hydrogen ratio and operating temperature. In addition, limiting the voltage to <1.8 V is important for the constant current mode, as the voltage could spike due to off-normal operation, such as heating tape failure, water depletion in the bubbler, and so on. The high voltage would delaminate the cell, leading to test failure.
Sample Preparation and Analysis
It is desirable to monitor and analyze the composition of the inlet and outlet gases, especially the hydrogen content, to enable a mass balance on the cell operation. Suitable methods include humidity meter, gas chromatography, flame detection, and others. Implementation is outside the scope of this procedure.
Data Collection, Analysis, and Results
After acquiring raw data, the current, power, hydrogen production rate, ohmic and polarization impedances, and other area-dependent metrics must be normalized by the active area of the cell. All figures should have the initial OCV, steam:hydrogen ratio, temperature, and constant current density or constant voltage clearly stated in the figure or in the figure caption. The polarization curve should be reported with voltage on the y-axis and current density on the x-axis with negative current density for electrolysis mode. The electrochemical impedance spectrum should be reported with square axes using the same number spacing on both axes to preserve the shape of the spectrum. Durability should be reported as voltage or current density vs. time, with calculated ASR optionally shown on a second y-axis. Degradation rates should be reported as %/1000 h (or % kh−1). An example of the data reporting is shown in Figure 3.
[image: Figure 3]FIGURE 3 | An example of graphical data reporting. (A) I-V plot with EIS at OCV (∼0.97 V); (B) Durability.
QUALITY CONTROL AND QUALITY ASSURANCE
Instrument or Method Calibration and Standardization
Calibrate the electrochemical work station, thermocouple readouts, and flow meters periodically using the manufacturer recommended procedure. Repeat experiments with multiple cells to confirm the quality of the data. Maintaining the steam:hydrogen ratio at the intended level is critically important, as it impacts the OCV and polarization behavior of the cell. Using a thermocouple, calibrate the temperature controller for the heated bubbler by measuring the difference between the set point value and the temperatures in the water and at the outlet of the bubbler. Do the same for the heating tape or heat tracing on the gas delivery tubing and fittings, for which the temperature should be at least 20°C higher than the dew point of the flowing gas to avoid cold spots and condensation. Confirm the steam:hydrogen ratio at the junction between the test rig and gas delivery tubing, using a humidity meter with the sensor heated to above the dew point. Sealant loading on the cell edge changes the active area of the cell in contact with the supplied gases, and the small area of the cell covered by sealant do not participate in the electrochemical reactions. It is recommended to keep the same loading area to enhance cell performance repeatability.
Durability tests are prone to be interrupted by water bubbler refilling. When the water is colder immediately after refilling, the partial pressure of steam supplied to the cell is lower. For fixed current, this causes an increase in operating voltage and possibly mass transport limitation. If the cell voltage spikes too high, the cell could be damaged permanently. To avoid this, pause the cell operation when refilling the bubbler and restart after the water warms up and the OCV stabilizes, which could take around 1 h.
Cautions, Common Issues, and Interferences
To avoid an explosive mixture entering the hot zone, flush the bubbler with H2 and flush the test rig with nitrogen to remove oxygen inside before connecting the gas delivery system to the test rig. To avoid shattering the glass humidification bubbler jar in the event of over-pressure, install a pressure release valve (<10 psi) upstream of the bubbler.
Use a four-probe test system to compensate for resistance in the conductive wires, by attaching one voltage lead and one current lead to each electrode. The current lead must be thick enough to pass the total cell current without overheating. Pt wire of at least 0.75 mm diameter is recommended. Thin wire can become hot at high current, posing a safety risk, and also limiting the lifetime of the wire.
The metal test rig must not be in contact with electrical ground or electrified components of the system. A common issue is that the metal test rig comes into contact with a metal tube, metal clamp, etc. Because the metal test rig is also in contact with the cell, the potential of the cell will not be “floating”, and the potentiostat will pass current to the contacted metal as well as the cell. This often appears as unstable OCV, noisy data, or a large drop in voltage between OCV and the first data point when doing a current-voltage polarization scan. This issue can be avoided by insulating nearby metal components, and installing a short PTFE or alumina tube between the test rig and the metal gas delivery tubing to electrically isolate the test rig from the gas delivery system.
Maintaining the intended steam:hydrogen ratio throughout the system can be challenging. If the OCV is higher than 0.97 V with 50% H2O/50% H2, the moisture concentration could be lower than the intended 50%. This may be due to the bubbler or tubing temperature being lower than 81.7°C, and the user must search for cold spots in the gas delivery system. If the exhaust gas line coming from the test rig out of the furnace is colder than the dew point at that location, liquid water will condense. The droplets of water can block the exhaust flow, or be pushed out as liquid slugs by the exhaust gas. This causes small changes in pressure and flowrate which can appear as noise in the current or voltage data. Refilling the humidification bubbler with water generally changes the temperature of the bubbler, and therefore the steam:hydrogen ratio. One way to minimize the impact is to add the fresh cold water slowly through a tube inserted to the bottom of the bubbler. This minimizes the change in temperature of the top of the water column, which is in direct contact with the flowing gas and therefore controls the dewpoint of the gas. Pre-heating the water before adding it to the bubbler is also useful. If addition of cold water to the bubbler causes a drop in steam content, and the cell is held at constant current, then the cell voltage can briefly rise until the water warms up. If the voltage is above a certain threshold, it can permanently damage the cell. We observe that the cell voltage must be below ∼1.85 V to avoid permanent damage.
Stainless steel supports are sensitive to oxidation, which is highly temperature-dependent (Karczewski et al., 2019; Reisert et al., 2020). If there is a pinhole in the electrolyte or seal, it may cause local heating due to hydrogen burning. This heating can cause rapid breakaway oxidation of the support and the resulting local volume change can cause cracking of the electrolyte or delamination (Dogdibegovic et al., 2019). The crack promotes further burning and heating, quickly leading to cell failure. A telltale sign of this phenomenon is rapid decay of OCV, and brown/red iron oxide visible on the failed cell. Cells should be leak-tested before long-term operation begins. If the OCV is much lower than 1.1 V with 3% H2O/97% H2, the cell or seal could be leaking.
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Supplies
Seal—glass powder
Seal—vehicle for glass
Seal—ceramic paste
Pt mesh
Ni mesh

Test stand
Mass flow controller
Oil bath
Siicone oil
Ported cap
Heat tape
Heat tape controller
Heat tape over-temp. shutoff
Insulation—alumina mat
Test furnace
Potentiostat

Supplier

Schott
Fuel Cell Materials
Aremco

Johnson Matthey
Alfa aesar

Alcat

Polyscience

Alfa aesar

Ace glass

Briskheat

Digi-sense

Briskheat

Zircar

Applied test systems
Biologic

Part number or model

GM31107

311237 VEH

Ceramabond 552

11714, 52 mesh, 0.1 mm diam
44128, 100 mesh, 0.1 mm diam

MC-500SCCM-D/5M

WBEO2

A12728

7632-02 for GL-45 glass bottle
BS0101060LG

TC1500

HL120KA-C

D9201

3210 split tube fumace
'VMP-300

Notes.

Demonstrated for >1000 h operation
Good viscosity for syringe application of paste
Contains some alkal lements

Flexible, but strong enough for spot welding
Flexible, but strong enough for spot welding

Built-in controller and display

Fits 500 mi glass jar

Rated ~40-200C

Keep out of siicone of, which degrades cap strength
Wraps easiy around 1/4" stainless steel gas tubing

Safer and more precise control than on/off time controlers
Prevents over-heating of gas line

High purity, rated to 1650°C

NRTL-fisted, rated to 1000°C

External boosters available for wide range of current
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