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This manuscript presents the design, development, and deployment of an operando X-ray diffraction (XRD) system for high-temperature electrolysis (HTE), enabling real-time characterization of solid oxide electrolysis cells (SOECs) under true operational conditions. The integration of an HTE test stand within a synchrotron radiation environment, mimicking the conditions of a laboratory setup, aims to enhance our understanding of the degradation processes affecting the performance and longevity of SOECs. Utilizing a custom furnace and a high precision motor stack assembly at the Stanford Synchrotron Radiation Lightsource (SSRL), the system revealed unparalleled insights into the structural evolution of SOEC components through various operational stages, including initial heat ramp, cell reduction, fuel ramp, and wet electrolysis. Initial results demonstrate the significant impact of the initial heating and cooling on secondary phase formation within the SOEC, highlighting the utility of operando XRD for developing more efficient and durable hydrogen production technologies.








INTRODUCTION
	Hydrogen fuels play a critical role in many industries such as petroleum refinement1, ammonia production2, steel refinement3, and power generation4. Despite the significant global utilization of hydrogen, production remains largely restricted to steam methane reforming, introducing a vulnerability to accessibility. Correspondingly, the advancement of hydrogen-based renewable energy technologies aid in the availability of affordable energy, help diversify the energy landscape to withstand fluctuations, and establish domestic energy security dominance. Given the economic demands, combined with existing limitations of hydrogen production technologies, alternative hydrogen production methods are necessary.5
High temperature electrolysis (HTE) is a commercially viable process for low-cost hydrogen production.6 In contrast to alkaline and proton-exchange membrane technologies, HTE utilizes heat to reduce the necessary input of electricity for the water splitting reaction across a solid oxide electrolysis cell (SOEC). The SOEC is a multi-layer functional oxide often composed of a porous Ni-yttria-stabilized zirconia (Ni-YSZ) cermet fuel electrode, a dense YSZ solid electrolyte, gadolinia-doped ceria (GDC) cation diffusion barrier (CDB), La1-xSrxCoyFe1-yO3-δ (LSCF) air electrode, and any related contacts or interconnects. Under the relatively harsh reaction conditions, the individual components of an SOEC display intra- and inter-layer reactivity and structural degradation. Advancing HTE requires the ability to enhance the production capacity of current SOEC technologies and extend cell lifetimes, both of which contribute to reduced hydrogen production costs.7
There are several well-established methods used to characterize the performance and structural degradation of SOECs, but these techniques are often restricted to idealized in situ measurement conditions or postmortem ex situ examination. Preferred ex situ methods for characterizing structural changes in SOECs include electron microscopies8–10, X-ray diffraction11–13, X-ray absorption and emission spectroscopies14,15, and X-ray imaging16–18 where cells are first removed from operation. This process involves discontinuing electrochemistry and steam flow, cooling down, and detaching the cell from a ceramic paste seal to an alumina rod which can induce unknown effects on properties of cell components such as oxidation of Ni in the fuel electrode and cracking in the solid electrolyte. Electron microscopic techniques, such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are powerful tools for evaluating structural changes at the nanometer scales19, but require significant amounts of sample preparation (e.g., mechanical fracturing to reveal a cross-section with subsequent ion beam or mechanical polishing for SEM analysis and removal of lamellae with focused ion beam milling for TEM analysis) and can also introduce uncertainty regarding the origins of structural phenomena.
Few operando methods have been developed to examine SOECs under real conditions. Existing operando tools include hardware for XAS20–22, XES21,23, and optical spectroscopies24,25 for deposition of surface species. For X-ray diffraction, previously developed sample environments26–28 simulate the reaction environment, but do not replicate the conditions of an HTE test stand as they have been limited to half cells. One current limitation of HTE is the variability of cell performance across test stands and cells, underscoring the need for standard protocols. The current apparatus is unique because it translates hardware from an existing test stand design at Idaho National Laboratory and utilizes previously established testing protocols29,30 to benchmark performance of SOECs.
Operando X-ray diffraction is a powerful technique for identifying crystalline structural degradation occurring in real time. Access to synchrotron radiation is critical in order to properly tune the energy to optimize scattering, provide sufficient flux necessary to capture diffraction from underlying cell layers, and enable sufficiently high resolution to identify secondary phase formation. Further, the working space of synchrotron X-ray end stations allows for integration of large sample environments including a reproduction of HTE test stands.
An operando XRD system was designed, fabricated, and deployed for use at SSRL beamline 2-1. The setup directly translates an HTE environment directly from a lab into the synchrotron end station hutch, mitigating concerns of deviations from realistic conditions and avoiding simulated environments. The operando test stand was replicated from a design standardized by Idaho National Laboratory for HTE.31 A custom furnace was designed at SLAC National Accelerator Laboratory and fabricated by Thermcraft, Inc. The operando furnace is analogous to a tube furnace but contains entry and tapered exit ports while maintaining capacity to retain target sample temperatures with minimal fluctuations. The test stand apparatus currently supports 1 inch button SOEC formats. The system is integrated with a Parstat potentiostat allowing for both potentiostatic or galvanostatic modes of operation, electrochemical impedance spectroscopy (EIS), and IV curves. Currently, the system is optimized for electrolysis mode but can be adapted for fuel cell mode as well. The primary benefits of this unique method include the ability to measure a single cell across the HTE lifecycle (post synthesis, contacting, adhesion to test stand apparatus, reduction, wet electrolysis, and decommissioning), thereby removing batch variability and separation of onset of degradation, and validation of accelerated testing protocols.
MATERIALS AND METHODS
SOEC preparation
Anode supported button SOECs with a 25 mm diameter were purchased from Fuel Cell Materials (ASC-2.5). The SOECs contained a 400 µm thick 60 wt% NiO 40 wt% (Y2O3)0.08(ZrO2)0.92 (YSZ-8) composite support layer (i.e., fuel electrode), 3 µm YSZ-8 solid electrolyte, 3 µm Gd0.1Ce0.9O1.95 (GDC) cation diffusion barrier, and 12 µm thick (La0.8Sr0.2)0.95CoO3 (LSC) air electrode with 12.5 mm diameter active area.
Cell preparation consisted of six primary steps: 1) synthesis of the electrode pastes, 2) creating the Pt mesh-Pt wire air electrode contact, 3) assembling the Ni-mesh-Pt wire fuel electrode contact, and 4) adhesion of the contacts to electrodes, 5) synthesis of glass paste for adhesion/sealing of the SOEC to the alumina test stand assembly, and 6) sealing the fully contacted SOEC to the alumina test stand assembly. These processes closely followed the procedure described by Priest et al.29 and are summarized for our setup below. 
The electrode contact pastes consisted of 6428-LSCF (FCM LSCF-HP) powder for the air electrode or NiO powder (Thermo Scientific, 99% purity) for the fuel electrode suspended in a vehicle composed of ethyl cellulose in α-terpineol. In order to make the vehicle, 5 wt% ethyl cellulose binder was dissolved in α-terpinol solvent (gently heated to ~75 °C to ensure the terpineol was fully liquid). Electrode powders (LSCF for air electrode and NiO for fuel electrode) were added in a 1:1 mass ratio with ethyl cellulose and the mixtures were stirred vigorously by hand. 
For the air electrode current collector, 80 mm of 0.25 mm Pt wire (Thermo Scientific, 99.997% purity) was folded in half and bent into a ring shape with two tails. A 13 mm diameter Pt mesh disk was punched from stock Pt gauze (Thermo Scientific 52 mesh woven from 0.1 mm diameter wire, 99.9% purity) with a second 5 mm hole punched in the bottom third of the 13 mm disk to create a horseshoe shaped mesh, allowing X-rays to avoid interaction with the current collector. Pt ink (Heraeus CL11-5100) was spread over the portion of the Pt wire ring intended to contact the mesh. The inked Pt wire ring was then gently pressed onto the Pt mesh and the resulting assembly was dried in an oven at 100 °C for 1 hour. The loosely contacted mesh and wires were subsequently fired in a furnace at 1000 °C for 2 hours using the temperature program summarized in Table 1 and can be viewed in Figure 1a.
[bookmark: _Ref212021576]Table 1. Temperature program for adhering Pt wires to Pt and Ni mesh current collectors.
	Step
	Procedure
	Rate (C/min)
	Time (min)

	1
	Ramp to 400 °C
	1
	375

	2
	Hold at 400 °C
	0
	60

	3
	Ramp to 1000 °C
	2
	300

	4
	Hold at 1000 °C
	0
	120

	5
	Cool to 25 °C
	3
	325


0.025 g of LSCF contact paste was applied over the air electrode on the SOEC and the assembled Pt mesh-Pt-wire current collector was placed over the wet paste. The final assembly was dried in an oven at 100 °C for 2 hours.
[image: A close-up of a device
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[bookmark: _Ref212019561]Figure 1. a.) Example modified Pt wire-Pt mesh (top left) and full Pt wire-Pt mesh (bottom left) current collectors with post contacted SOECs (right side). b. fully assembled and post-sealed test stand apparatus. c.) Magnified view of fully assembled/sealed SOEC with air electrode surface exposed.
	The fuel electrode current collector was prepared in a manner analogous to the air electrode but used a Ni mesh (Thermo Scientific 50 mesh woven from 0.05 mm diameter wire, 99.7% purity) with Pt wires. Additionally, the full area of the 13 mm diameter Ni mesh was used rather than creating a horseshoe shape. The fully assembled contact was adhered to the SOEC by applying 0.025 g of NiO electrode paste over the Ni mesh and pressing onto the fuel electrode surface. The final assembly was dried in an oven at 100 °C for two hours.
	Lastly the fully contacted SOEC was sealed to a 1-inch diameter (0.125-inch wall thickness), 8.98-inch-long alumina rod (CoorsTek) as part of the test stand assembly. Using a syringe, the glass paste was deposited in a closed ring onto the end of the alumina rod. The contacted SOEC was then positioned on top of the deposited glass seal (air electrode face up) and gently pressed to ensure uniform adhesion. A second ring of glass paste was then deposited to the outer edge of the outward facing SOEC surface and molded around the SOEC-alumina interface. The seal set within 30 minutes and was allowed to cure overnight. The Pt leads were wound with four 0.5 mm Pt wires fixed to the alumina test stand fixture using dual bore 0.25-inch diameter alumina rods (CoorsTek) bound to the fixture with zirconia adhesive (Resbond). The 0.5 mm Pt wires were used to interface with the potentiostat leads (Parstat 4000A with P10A/6V booster).
	Comprehensive descriptions of the test stand assembly and gas delivery manifold are provided elsewhere.29 The manifold for the operando HTE furnace deviated from the previously published description by employing a 4 ft long heated stainless-steel hose (Protherm Industries, Inc. SHHPN2) that allowed for flexibility between the gas manifold and test stand fixture, necessary for making adjustments to test stand height and incident angle.
Description of custom HTE furnace
The custom HTE furnace was designed at SLAC and modified/fabricated by Thermcraft, Inc. The furnace temperature was maintained by a Future Design Controls MCT4 temperature controller integrated with a custom-built process controller, designed and fabricated by Thermcraft, which enables remote temperature control and data logging. A split view rendering of the furnace is shown in Figure 2 below. The furnace was designed with an aperture to accept an incident X-ray beam allowing for a maximum positive tilt of 10° to achieve an asymmetric reflection scattering condition. The exit port was tapered in two dimensions allowing for diffraction to be captured up to 55° (up to q ~ 7.5 Å-1 at λ = 0.775 Å), without screening/shadowing the Pilatus 100K area detector. The furnace height and insulation were specified to maintain 750 °C with minimal fluctuations and thermal gradients.
[image: ]
[bookmark: _Ref212646926]Figure 2. Cross-section of the custom designed furnace for HTE showing incoming (right side) and exit apertures (left side). Kanthal heaters are depicted by the orange segments surrounded by ceramic insulation in white.

Description of motor stack
The furnace was fixed to a four-axis motor stack illustrated in Figure 3. A full list of motor manufacturers and model numbers is provided in Table S1. The stack base (Figure 3h) was initially aligned by the SLAC Mechanical Engineering and Technical Support Metrology Group using a FaroArm portable measuring arm to concentrically align the axis of rotation of the arc motor (Figure 3g) to the rotation axis of the detector  mounted on the two theta arm of the two-circle diffractometer. Given that the test stand assembly was fixed to the motorized stage stack above the arc motor center, iterative scans of the full sample/furnace height using vertical lift stage (Figure 3f), perpendicular stage (Figure 3e) and along beam path stage (Figure 3d) were used to align the sample position to the X-ray beam/center of the two-circle diffractometer. Complete integration of the HTE furnace and motor stack with the beamline is modeled in Figure 4a, with the actual setup shown in Figure 4b.
[image: ]
[bookmark: _Ref212019919]Figure 3. Four-axis motor stack used for manipulation of the operando HTE furnace. The components include a.) the test stand assembly, b.) furnace mounting plate, c.) test stand fixture clamp, d.) linear rail parallel to beam, e.) linear rail perpendicular to beam, f.) motorized vertical lift, g.) arc motor, and h.) base for fine adjustment of arc height and yaw.

[image: ]
[bookmark: _Ref225515472]Figure 4. Schematic (a.) and full assembly (b.) of the HTE furnace mounted at SSRL beam 2-1.

Synchrotron XRD measurements
Operando XRD measurements were performed at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 2-1. The wavelength was tuned to 0.775 Å (16 keV) and calibrated using a NIST 660c LaB6 standard. The 16 keV photon energy was intentionally chosen in order to remain below the Sr K absorption edge at 16.11 keV and minimize photon attenuation from the air electrode. Ex situ XRD characterization of Fuel Cell Materials 6428-LSCF powder was performed using a wavelength of 0.729 Å (17 keV) and utilized a robot-automated capability described elsewhere.32 Table 2 provides estimated transmission factors through each SOEC component layer and the entire cell across relevant X-ray tube energies and 16 keV used at SSRL beamline 2-1. The apparent densities calculated for the LSCF and Ni-YSZ reduced the single crystal densities by 50% to account for porosity. Estimations for the GDC cation diffusion barrier (CDB) and YSZ solid electrolyte components retained their single crystal densities since they are intentionally dense layers. Using the attenuation factors from Henke tables33, the difference in transmitted photon number can be estimated using incident photon brilliance. Note that these values are estimations (Henke tables only account for photoabsorption) and are intended to be a guide for comparative purposes. Even for a bend magnet emission device on a 3rd generation storage ring, such as SSRL beamline 2-1, the difference in photon fluence is greater than ~105 photons per second relative to a lab source which can be used as a proxy for resultant signal to noise. The significantly enhanced photon signal also enables synchrotron facilities to perform fast (< 1 second) time-resolved operando XRD measurements during HTE, which are not possible with current lab diffractometers.
[bookmark: _Ref209433622]Table 2. X-ray attenuation and photon fluence through SOEC layers as a function of incident energy
	SOEC Layer Material
	Apparent Density (g/cc)
	Nominal Layer Thickness (μm)
	Cu Kα (8.05 keV) Transmission 
(I/I0)
	Synchrotron (16 keV)
Transmission 
(I/I0)
	Mo Kα (17.48 keV) Transmission 
(I/I0)

	La0.8Sr0.2CoO3 (anode)
	3.43
	12
	0.33
	0.84
	0.85

	Ce0.9Gd0.1O1.95 (CDB)
	7.20
	3
	0.51
	0.89
	0.92

	(Y2O3)0.08(ZrO2)0.92 (electrolyte)
	5.90
	3
	0.84
	0.97
	0.96

	Ni-YSZ [50:50 vol] (cathode)
	3.70
	12
	0.78
	0.80
	0.83

	X-ray transmission into SOEC
	0.1103
	0.5801
	0.6231

	X-ray transmission into + out of SOEC
	0.0122
	0.3366
	0.3883

	Number of photons transmitted (X-ray tube, I0 = 107 ph/s/0.1%bw/mm2/mrad2)
	1.22×105
	-
	3.88×106

	Number of photons transmitted (synchrotron, I0 = 1012 ph/s/0.1%bw/mm2/mrad2)
	1.22×1010
	3.37×1011
	3.88×1011


Further, the instrumental resolution function from a lab source diffractor is generally far too broad to resolve subtle secondary phase formation in SOECs. A direct comparison of the relative q error from SSRL beamline 2-1 is made relative to a Cu Kα X-ray tube in Figure S1.
	2D XRD data were obtained using a Pilatus 100K positioned ~743 mm from the sample position. Two modes of operation were used for XRD data acquisition: 1) fixed position, used for fast exposures, and 2) stepwise angle-dispersive, used for slow exposures with a broad q range. Fixed position scans typically centered the detector at 2θ = 19°, which capture contributions from all cell components, with 40 subsequent 10 second exposures which were looped until dynamics ceased. Stepwise, angle-dispersive scans were performed with a 2θ range from 5 to 95° with a 1° step size and exposure time varying linearly from 7 to 10 seconds across the scan. 2D data were stitched (if stepwise), normalized by incident beam intensity, and integrated into 1D patterns using a python script developed for use at beamline 2-1. Rietveld refinements of XRD data were performed using Topas Academic, version 7 34 and provided quantitative phase analysis (QPA). Since XRD measurements on SOECs were performed in an asymmetric reflection geometry, Rietveld refinements contained fixed incident beam corrections to peak positions, intensities, and profiles based on the approach described by Rowles et al.35
SOEC Operating Parameters
SOEC operation involved nine processes, excluding the initial heat ramp and post operation cool down, which are summarized in Table 3. Throughout the procedure, fixed position and angle dispersive XRD measurements were continuously obtained to capture both fast and slow structural evolution. The most critical steps involved ensuring the internal gas manifold was oxygen free to avoid combustion of hydrogen and oxidation of the fuel electrode during operation and validating the open current voltage (OCV) against the value predicted by the Nernst equation to confirm a system leak to atmosphere was not present. Ultra-high purity grade nitrogen (Airgas, 99.999%) and research grade hydrogen (Airgas, 99.9999%) gases were used as carrier gases for steam delivery. The total gas flow rate was maintained at 100 sccm throughout the entire operating procedure. Steam was produced by flowing H2:N2 carrier gas through a 304 stainless-steel water bubbler with Teflon gaskets filled with 18.2 MΩ · cm at 25 °C ultra-pure de-ionized H2O. Without heating, steam content was calculated to be ~3.3% in 100 sccm H2:N2  based on the calculated vapor pressure of water at 26 °C and 62 ft above sea level estimated for Menlo Park, CA. Following the fuel ramp, power is supplied to heating tapes to operate the water bubbler at 120 °C which equates to 50:50 H2O:H2 delivery to the fuel electrode. After cell reduction, the OCV was recorded, followed by potentiostatic electrochemical impedance spectroscopy (EIS) from 10000 to 0.1 Hz, linear scan voltammetry from 0 to 1.4 V with a 5 V/s scan rate, and finally potentiostatic electrolysis at 1.3. V with 50% steam with a readout rate of 0.25 Hz. 
[bookmark: _Ref212024074]Table 3. Operating parameters for the SOEC glass sealing, inert gas flush, fuel electrode reduction, wet electrolysis, and cool down steps. Concentrations of O2 and N2 on the air electrode were fixed as the sweeping gas for the air electrode was ambient air. *Concentrations of O2 and N2 on the fuel electrode were approximated by ambient air in steps 0-3 as controlled gas flow was initiated in step 4.
	Step

	Process


	Hold Time (hours)
	Operating Temperature (°C)
	H2 
(%) Fuel Side
	N2 (%) Fuel Side
	H2O (%) Fuel Side
	O2 
(%) 
Fuel 
Side

	Perform angle-dispersive XRD measurement before heating.

	0
	Heat up
	-
	Ramp, 1°C/min
	0
	79*
	0
	21*

	Perform angle-dispersive XRD measurements during heating.

	1
	Remove organics
	1
	400
	0
	79*
	0
	21*

	2
	Sealant curing
	2
	850
	0
	79*
	0
	21*

	3
	N2 flush 
	2
	750
	0
	100
	0
	0

	Perform angle-dispersive XRD measurement at temperature before reduction.

	4
	Electrode reduction
	4
	750
	4.84
	91.86
	3.30
	0

	Perform fixed position XRD measurement during reduction (5 hrs);
Perform angle-dispersive XRD measurement when reduction complete.

	5
	Fuel ramp #1 (1:9)
	1
	750
	9.67
	87.03
	3.30
	0

	6
	Fuel ramp #2 (1:4)
	1
	750
	19.34
	77.36
	3.30
	0

	7
	Fuel ramp #3 (1:1)
	1
	750
	48.35
	48.35
	3.30
	0

	Perform fixed position XRD measurements during fuel ramp steps.

	8
	OCV + initial electrochemistry
	1
	750
	50.00
	0
	50.00
	0

	Perform angle-dispersive XRD measurement when fuel ramp is complete;
Determine OCV;
Potentiostatic EIS;
Linear scan voltammetry.

	9
	Wet electrolysis
	0-1000
	750
	50.00
	0
	50.00
	0

	Perform fixed position XRD measurement during initial phase of electrolysis;
Transition to angle-dispersive XRD measurements when electrolysis stabilizes;
Perform angle-dispersive XRD measurements every 20 minutes until run is complete.

	10
	Cool down
	7.25
	750-25
(1°C/min)
	96.70
	0
	3.30
	0



Safety Notes
Given the hazards associated with flowing pure hydrogen through a furnace operating at 750 °C, several precautions were taken to minimize risk to infrastructure and personnel. Upon sealing the SOEC to the alumina rod, a bubble test was performed on the dried test apparatus according to the method of Chou et al.30 The gas delivery manifold was leak tested by slightly over pressurizing with inert gas and testing for bubble formation. The fully integrated setup was later leak tested using the OCV method detailed by Chou et al.30 All gas lines and components were composed of 316 stainless steel or alumina-based ceramic with exception to Teflon ferrules used to seal the alumina tube to compression fittings. The gas manifold and testing apparatus were purged with 150 sccm N2 for two hours before introduction of H2 gas was introduced in order remain well below 4% O2 with H2. The effluent gases were directed to a source to stack exhaust system which was co-fed with 10,000 sccm N2 from house supply in order to remain four times below the 4% O2 in H2 limit. Operators were required to remain with and monitor the equipment while power was supplied to the furnace and/or gas was flowing through the test stand. Gas supplies and power to the furnace controller were externally accessible and could be interrupted without opening the hutch in the event of an emergency. Since hydrogen flames do not generate visible light, an infrared (IR) pyrometer was employed to scan the manifold, furnace, and exhaust (see Figure 5a-d) before personnel were permitted to enter the hutch.
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[bookmark: _Ref212032935]Figure 5. IR pyrometer images of the a) furnace exterior, b) furnace exit port, c) test stand fittings, and d) gas delivery manifold used to detect the presence of hot spots.

RESULTS & DISCUSSION
Pre-contacted SOEC
The structures of SOEC functional layers were characterized by XRD prior to contacting the cell with Pt/Ni current collectors. A Rietveld refinement of this data, presented in Figure 6 below, indicated a multi-phase distribution of primary and secondary phases from the LSC air electrode. XRD revealed that the LSC air electrode material in the “as-received” state is a mixture of orthorhombic (68.55 wt%) and rhombohedral (24.93 wt%) symmetry LSC due to the composition induced tilting of B-site octahedra, in this case from the La:Sr ratio, cobalt oxidation state, and associated oxygen nonstoichiometry. Additionally, minute quantities of SrO (0.51 wt%) and Co3O4 (1.14 wt%) were observed, likely caused by strontium migration and corresponding cobalt exsolution during firing steps in manufacturing.8 Considering SrO readily reacts with environmental H2O and CO2 to form Sr(OH)2 and SrCO3,36 its presence in the XRD suggests it is confined within the air electrode or buried in adjacent layers inaccessible to atmosphere. While the 8-YSZ electrolyte was readily detected in the XRD, the observed powder averaging was poor (see 2D detector image in Figure S2) which is likely due to large grain sizes relative to the limited 3 µm thickness of the electrolyte layer.
[image: ]
[bookmark: _Ref212547146]Figure 6. Rietveld refinement of XRD data on the SOEC before contacting. 
Post-contacted SOEC
Contacting SOECs exposes cell to mild environmental conditions, requiring heating to ~100 °C to remove volatile components of the paste vehicle, but introduces contact pastes which have the potential to react with the active cell components. The SOECs prepared for this study were contacted with 6428-LSCF and NiO pastes on the air and fuel electrodes, respectively. The LSCF paste was known to contain 97.93 wt% La0.6Sr0.4Co0.2Fe0.8O3 and 2.07 wt% CoxFe3-xO4 from a prior Rietveld refinement of ex situ XRD data from 6428-LSCF powder direct from Fuel Cell Materials (see Figure S3). As a result, the post-contacted SOEC shows little inherent change, but the additional 6428-LSCF contact paste enhances the observed rhombohedral phase fraction in the XRD data, shown in Figure 7. Otherwise, the cell contacting process appears to induce little to no structural modifications to the SOEC.
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[bookmark: _Ref212549064]Figure 7. Rietveld refinement of XRD data from the SOEC at room temperature after contacting with 6428-LSCF paste.

Heat ramp, sealant curing, and inert gas flush
XRD measurements were not obtained during the initial heating to 850 °C and subsequent cooling to 750 °C, since the alumina test stand fixture expanded simultaneously with a settling of the glass paste, making alignment during this dynamic process challenging. However, after the furnace equilibrated at 750 °C, the gas manifold and interior of the test stand fixture were flushed with pure N2 and the test stand fixture was re-aligned and XRD data were obtained. Rietveld refinement of this data (see Figure 8) showed that both the rhombohedral and orthorhombic phases convert to a single cubic phase with space group Pm-3m at 750 °C. This transition has been observed in previous in situ XRD data37 and results from the formation of oxygen vacancies and reduced tilt angles of B-site octahedra at high temperatures. YSZ diffraction peaks notably increased in intensity after heating, but the phase retained its cubic symmetry and displays a lattice parameter (5.1771 ± 0.0004 Å) consistent with the predicted coefficient of thermal expansion38 for 8-YSZ at 750 °C. The apparent increase in 8-YSZ weight percent relative to the pre-heated XRD results is likely an artifact from variable phase intensity due to poor powder averaging noted previously, making QPA unreliable for YSZ. The structural changes observed for YSZ are likely microstructural as grain structures are boundaries evolve at 750 °C. 
The initial cell heating also appears to induce the formation of two sets of diffraction peaks associated with secondary phase formation that can be differentiated by their associated peak widths (see Figure S4). While these peaks were not readily associated with degradation from cell components (e.g., SrO, SrCO3, simpler metal oxides, alternative stoichiometries, etc.), a follow up study using in situ variable temperature XRD will be performed to isolate the effect of heating on SOECs. It is possible the new structural phase is formed by a reaction between LSC and GDC at high temperatures, resulting in an interdiffusion layer previously observed by Slomski et al.9 Their results indicated that the interdiffusion layer was a ~300-400 nm thick layer composed of a continuously changing solid solution of Y, Zr, Ce, and Ga cations in the cubic (Fm-3m) matrix. While SrO was not identified in the post heated sample, it is likely overlapped with YSZ reflections given their similar lattice parameters or further reacts with cations in adjacent cell layers and is associated with the secondary phase formation.
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[bookmark: _Ref212551354]Figure 8. Rietveld refinement of XRD data on the SOEC at 750 °C before reduction.

Cell reduction
Following the nitrogen purge and equilibration at 750 °C for 2 hours, the SOEC was reduced by flowing 100 sccm of 1:9 H2:N2 through the unheated water bubbler resulting in 9.61% H2, 86.49% N2, and 3.3% H2O gas mixture. The OCV, shown in Figure 9a, was continuously recorded while fixed position XRD data were obtained every 10 seconds. A systematic contraction of all cell component lattice parameters was observed during the reduction step which was attributed to a subtle cooling effect resulting from heat exchange with the room temperature H2:N2:H2O reducing gas mixture. 
Rietveld refinement of this data shows the decay of NiO, with a corresponding increase in Ni metal, illustrated in Figure 9b. Interestingly, NiO appears to fully convert to Ni metal within the first 30 minutes of reduction. Previous work has determined that the reduction of NiO to Ni metal can be described by an induction period, an acceleration phase, often described using an Avrami kinetic model, and a pseudo-first-order reaction rate when the reaction slows and residual NiO is consumed.39,40 According to the OCV, displayed in Figure 9a, there appears to be very little induction period for NiO reduction as expected for reduction performed at high temperatures. The data presented in Figure 9b were fit using both pseudo-first-order and Avrami kinetic models with fits shown in Figures S5 and S6, respectively. Since both kinetic models fit the diffraction data reasonably well, additional work is required to understand the appropriateness of both models under the given reaction conditions. The rate constants for NiO reduction determined using a pseudo-first-order rate and Avrami model were k’ = 0.00434 ± 0.00007 and k = 0.00975 ± 0.00108 s-1, respectively. While kinetic data at a single temperature have limited value beyond quality control of the fuel electrode activation step, systematic evaluation of the reaction rate as a function of temperature could enable extraction of activation energies for the reduction process using an Arrhenius relationship.
[image: ]
[bookmark: _Ref212645118]Figure 9. OCV (a.) measured during the first hour of cell reduction under 1:9 H2:N2 in 3.3% H2O with the associated NiO and Ni wt% derived from Rietveld refinement of XRD data (b.).

Fuel ramp
Upon conversion of NiO to Ni metal, the hydrogen content in the H2:N2:H2O mixture was gradually enhanced in four steps, shown in Figure 10a, with corresponding XRD data provided in Figure 10b. Since no bias was applied to the cell, little to no change beyond the fuel electrode was expected. However, during the first step up to 1:9 H2:N2, the YSZ (111) reflection showed notable changes in intensity, potentially related to diffusion oxide anions into the solid electrolyte during the NiO reduction reaction. Furthermore, diffraction peaks from one of the unidentified secondary phases formed during the initial heating step progressively decayed during the cell reduction and fuel ramp steps (diamond labels in Figure S4). Again, a subtle contraction of all cell component lattice parameters was observed between the pre- and post-fuel ramp stages, attributed to exposure to a room temperature gas stream with increasing specific heat and conductivity.
[image: ]
[bookmark: _Ref212648402]Figure 10. OCV during the fuel ramp (a.) with the corresponding time-dependent XRD (b.).

Electrolysis
Before electrolysis, heat was applied to the water bubbler, enhancing the steam concentration from 3 to 50%. It is extremely important to ensure the gas delivery manifold and water bubble temperatures have equilibrated (e.g., for ~1 hour) before the initial electrochemical characterization is performed to ensure the steam content is at the target value and the delivery line is free of condensation. Recommendations on best practices for using a water bubbler to generate high temperature steam are described in detail by Kane et al.41 Following this step, electrochemical characterization of the SOEC (OCV determination, potentiostatic EIS, and linear voltammetry) was performed with results presented in Figures S7 and S8. The linear voltammetry shown in Figure S8 suggests that the water had not yet fully reached the target operation temperature at the time of the electrochemical measurement. 
During the first hour of electrolysis, fixed position XRD measurements were obtained continuously with 10 second exposure times. At the end of the potentiostatic EIS measurement (~292 seconds into the procedure), XRD data revealed an abrupt, but reversible, expansion of all cell components (see Figure S9) where equilibrium was re-established within ~30 seconds of the anomaly. Since voltage was not applied to the system at the time, it is likely that the gas flow was temporarily obstructed by condensed water as the heating tapes continued to warm the bubbler during the initial stages of operation. This hypothesis was later validated by the observed fluctuations in current density shown in Figure 11a. It is recommended to perform the electrochemical characterization intermittently to directly associate structural changes with deviations in electrochemical properties such as ohmic and polarization resistance. Figure 11b illustrates the current density as a function of time for the 3-hour potentiostatic electrolysis reaction. The abrupt spikes are consistent with intermittent condensation in the gas delivery lines. A recent publication by Kane et al.41 highlight the importance of maintaining the gas delivery line temperature at least 30 °C above that of the water bubbler, proper insulation strategies, and positioning of the response thermocouple in the coldest region of the steam delivery line. The fluctuations in the current density appear to be more rapid than the structural response based on operando XRD. As a result, the XRD data shown in Figure 11b, are represented of the average current density in Figure 11b.
Between the post fuel ramp step and the end of the 3-hour electrolysis period, a subtle contraction of the LSC lattice parameter was observed, shifting from 3.88624 ± 0.00004 initially to 3.88541 ± 0.00003 Å, which can be viewed in Figure 11b. Unlike the thermal strain observed during reduction and fuel ramp steps, the contraction observed during wet electrolysis was restricted to LSCF and did not affect other cell components. This behavior is consistent with chemical strain resulting from transport of O2- across the SOEC filling oxygen vacancies in the LSCF as the steady state was slowly established during the initial stages of electrolysis. Though it was not clear if the system was at or near equilibrium, future studies will prioritize longer operating times to examine the full range of strain experienced by the air electrode during electrolysis.
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[bookmark: _Ref214873393]Figure 11. a.) Current density as a function of time during the three-hour electrolysis program and b.) associated contraction of the LSC cubic lattice before and after electrolysis observed by XRD.

Cooldown
After three hours of electrolysis, potentiostatic operation at 1.3 V was discontinued and the temperature of the furnace was cooled from 750 to 25 °C in a 1:9 H2:N2 in 3.3% H2O gas mixture. Typical cooling rates are performed with a 1 °C per minute rate to avoid cracking the SOEC or ceramic seal. However, the impact of SOEC decommissioning has remained an unknown source of structural degradation. As a result, we intentionally doubled the cooling rate to 2 °C per minute to test the impact of accelerated cooling. Refinement of the cooled SOEC, shown in Figure 12, indicates the LSC predominantly converts from the cubic phase back to the rhombohedral structure, in contrast to the orthorhombic dominated as-received state. Further, the Co3O4 content more than doubled relative to the post-electrolysis state, suggesting the cooling rate may have exceeded the oxidation kinetics of LSC with decreasing temperatures, leaving LSC in a more reduced state causing exsolution of Co3O4, and potential co-migration of SrOx. SrO was not definitely identified/refined in the post-cooled XRD data, but all YSZ reflections are accompanied by high angle shoulders in the diffraction data which is consistent with the re-formation of cubic SrO slightly smaller in lattice parameter relative to YSZ.
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[bookmark: _Ref214645466]Figure 12. Rietveld refinement of XRD data from the SOEC after electrolysis was discontinued and the furnace cooled to 25°C.

In addition to changes in known secondary phases, a small amount of NiO appears to have formed during cooling alongside reformation of the unknown phase (labeled with diamonds in Figure S4) that decayed previously during the fuel ramp. Given their small relative abundance within the layered oxide SOEC matrix, a few secondary phases remain unidentified. It is important to note that structural transformations in SOECs occur across length scales and multi-scale structural characterization should be performed in order to comprehensively and accurately depict relevant degradation modes. Complementary SEM and TEM can help isolate and identify the structure and composition of the unknown secondary phases generated during operando XRD and will be the focus of a follow up examination. Future operando XRD experiments will prioritize a more systematic examination of the impact of temperature cooling rate and fuel composition to assess the impact of decommissioning an SOEC.

CONCLUSION
A summary of the air electrode QPA from the pre-contacted state through post cooldown is shown in Table 4. These results indicate that the LSC in the as-received state predominately exists as a mixed phase highly distorted perovskite, which converts to a cubic structure at operational temperatures. The initial heating leads to a small amount of Co3O4 spinel exsolution, presumably accompanied by SrOx to maintain charge balance, though it was not observed in the operando XRD data. The spinel content decays slightly through reduction, fuel ramp, and electrolysis processes. However, cooling appears to have a significant effect on spinel exsolution as the weight percent doubles in the post-cooled XRD data. The post-cooled data also indicates the LSC air electrode transitions to a nearly phase pure rhombohedral phase.
[bookmark: _Ref214894423]Table 4. Summary of QPA from the air electrode derived from Rietveld refinements. Reported weight percents are normalized to phases present in the air electrode.
	Preparation/
Operation Step
	R-3c LSC wt%
	Pbnm LSC wt %
	Pm-3m LSC wt%
	Co3O4 wt%
	SrO wt%

	Pre-contacting
	28.38 ± 0.73
	69.79 ± 0.96
	0.00
	1.29 ± 0.21
	0.54 ± 0.07

	Post-contacting/
Pre-heating
	48.56 ± 0.65
	48.63 ± 1.38
	0.00
	1.53 ± 0.35
	1.28 ± 0.13

	Post-heating/
Pre-reduction
	0.00
	0.00
	98.03 ± 0.89
	1.97 ± 0.19
	0.00

	Post-reduction/Pre-electrolysis
	0.00
	0.00
	98.20 ± 0.43 
	1.80 ± 0.12
	0.00

	Early electrolysis
	0.00
	0.00
	98.30 ± 0.15
	1.72 ± 0.12
	0.00

	Late electrolysis
	0.00
	0.00
	98.29 ± 0.41
	1.71 ± 0.12
	0.00

	Post-cooldown
	88.53 ± 1.88
	7.68 ± 1.13
	0.00
	3.78 ± 0.40
	0.00



These results underscore the importance of operando XRD measurements for evaluating the structural behavior of SOEC component layers throughout the cell life cycle (i.e., as-received through post-cooldown). Despite the relatively short operating time, we have shown how the various steps in the SOEC life cycle lead to secondary phase formation, temperature fluctuations, and structural strain. Although, in some cases, structural degradation could not be directly associated to a single experimental variable (e.g., temperature, applied potential, oxygen partial pressure, fuel composition), these results inform targeted in situ measurements where the role of temperature and oxygen partial pressure can be systematically investigated and differentiated from the complex multivariate HTE parameter space.
In future work, we aim to extend operation times beyond the cell break-in period (> 500 hr). Given the limited availability of synchrotron beam time, extending operation times will be achieved by implementing a hybrid operating mode where the long duration HTE will be performed in a stationary laboratory setting and the operando capability will be periodically translated into the experimental hutch where the SOEC will be examined. The impact of accelerated stress testing will also be examined in order to validate accelerated aging protocols and examine the impact of aggressive operating conditions including dynamic voltage cycling, thermal cycling, and high current potentials.
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