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Large scale adoption of hydrogen energy systems requires reliable, cost competitive water electrolyzers and fuel cells, of which the polymer electrolyte membrane (PEM) variants are most popular. 1 The performance and cost are both driven by design of a multi-layered nanocomposite membrane electrode assembly (MEA). [START_REF]Annual Merit Review and Peer Evaluation Report[END_REF] Despite great progress in optimizing individual components of the PEM fuel cell (PEMFC) MEAs in laboratory model systems [START_REF] Chen | [END_REF]4 , these advances have not always translated into improved performance at the device level 5 7 , because strong interactions between different components and the complex chemical environment of an operating cell hinders the integration of each component into an optimized MEA architecture 6,8 . These effects apply not only to catalyst activity, where poisoning of the Pt surface by ionomer is increasingly recognized as a limiting factor, 7 but also to water/thermal transport, electrolyte stability, and myriad other issues related to integrated systems engineering. 9 Improving the durability of high performance catalysts presents a great challenge and is limited by our understanding of the degradation phenomena. 10,11 Carefully balancing the performance, durability, and cost of the oxygen reduction reaction (ORR) catalyst is necessary for technological advancement of PEMFC systems. 12 The degradation processes of Pt-based ORR catalysts have been rigorously investigated under idealized laboratory conditions (i.e. in inert atmosphere, room temperature, and ultrahigh purity liquid electrolyte). The oxidation and reduction of the Pt surface plays a central role 13 with potential cycles triggering nanoparticle reconstruction and dissolution 14 . This leads to corrosion, Ostwald ripening and coalescence of the nanoparticles during operation, lowering the surface area and mass activity of the catalyst. 15 The extent to which catalyst activity and durability measurements under idealized conditions transfer directly to the hot, gas phase polymer electrolyte MEA environment, remains an open question 16 , and the answer will guide development of active materials and operating protocols towards more robust performance. While much is known about degradation occurring specifically inside MEAs 6,8,9,12,15,17 22 , direct cell performance prediction based on rotating disc electrode studies remains challenging, especially for nanostructured catalysts, due to the phenomena discussed above.

Techniques which can simultaneously probe all the components of functional devices at the nanoscale are urgently required to optimize the MEA architecture and operating conditions. Spectromicroscopy approaches using electron 23 , neutron 24 , and photon beams 14,21,25 are powerful, but generally laborious and/or limited to ex situ experiments. Significant advances in spatial and time resolution with in situ X-ray absorption tomography have been recently achieved. 26,27 However, spatial resolution is often limited to scales greater than 100 nm and lacks the critical nanoscale and chemical information about the catalyst and supporting materials. This information is necessary to connect the catalyst activity, morphology and stability to the overall MEA performance. 28 These properties determine the device's life cycle, with major impact on its economic feasibility. 22 Here, we study the catalyst degradation phenomena in an operating PEMFC using novel high energy X-ray scattering techniques, simultaneously mapping chemical composition with X-ray diffraction computed tomography (XRD-CT) and nanostructure by small angle X-ray scattering computed tomography (SAXS-CT) across the device scale of several centimeters (Fig. 1A). 29 31 XRD-CT has been previously used to investigate solid oxide fuel cells 32 , catalytic reactors 33 and batteries 34 from hundreds of micrometers up to millimeters in size and provides atomic scale information about the used materials. To understand the degradation phenomena at the device level, we have extended these techniques to samples 10x larger than previously possible, such that entire X-ray transparent 5 cm 2 PEMFCs 35 can be imaged (Fig. 1A). The voxel size (200 µm x 200 µm x 50 µm) shown here is currently limited by the beam size and measurement speed, and can be optimized for larger devices down to sub-micrometer resolution using 4th generation X-ray sources. Detailed descriptions of the method are available as supplementary information.

Major advancements in computed tomography algorithms allow a direct observation of the rapid heterogeneous nanostructural deterioration of the MEA. Catalyst aging was explored under two different degradation conditions: under a potentiostatic hold at 1 V, and through a commonly used cyclic voltammetry accelerated stress test (AST). The catalyst degradation is directly linked to the formation of chemical and/or temperature gradients, correlated to the water distribution in the cell materials, and imprinted by the macroscale geometry of the flow field. Evidence of heterogeneous aging has been previously observed in end-of-life samples using ex situ analysis with TEM 18 or X-ray diffraction 20 . Characterizing and predicting the gradients at different operating conditions and integrating the structural evolution of electrocatalysts with fuel cell design will be increasingly necessary to mitigate degradation and lower the cost of the technology.

3D chemical mapping using X-ray scattering tomography Figure 1. In situ X-ray scattering tomography of a fuel cell membrane electrode assembly. A) Schematic of the grazing incidence diffraction tomography. B) Chemical maps of tomography slices collected through the cathode, PFSA membrane, and anode and obtained by simple deconvolution of reconstructed XRD patterns. Each map in B) is 1.9 cm across, 200 µm resolution, measured over the central region covered by the flow field of the 5 cm 2 cell. The cell was operated at 80°C and 100% relative humidity. The three slices were collected at 1 V, and during operation at 0.6 V, 1 A/cm 2 . C) SAXS tomography of slice through the PFSA membrane in a separate experiment, collected at 0.8 A/cm 2 , 75°C, 80% relative humidity. The color indicates the d-spacing of the ionomer phase segregation, reflecting local hydration.

The main advantage of XRD-CT is its superior chemical contrast in comparison to standard absorption-contrast tomography (Fig. 1B). The chemical maps, which can be merged into 3D images (Fig. S1), reflect the intrinsic heterogeneous nature of the PEMFC largely imprinted by the flow field design. The color mapping is normalized for each phase to the highest intensity detected across all three slices. Compression of the flow field induces wrinkling in the MEA, on the order of a few microns, generating lined patterns in the Pt and ionomer signals (note that the parallel channels of the cathode and anode plates were aligned perpendicular to each other). 19 This heterogeneous pressure field alters mass and thermal transport, as well as the mechanical properties of the electrodes, generating chemical gradients (H2O, O2, pH, Pt 2/4+ ) inside the cell and defining the nanoscopic degradation phenomena in the catalyst layer, which we will show later.

One of the most important aspects of fuel cell operation affected by the flow field is the water transport and distribution inside the catalyst layer, gas diffusion layer, and ionomer membrane, which is critical for obtaining maximum cell performance. 26,36 XRD-CT allows the spatial distribution of liquid water to be obtained from the amorphous background of the XRD patterns (Fig. 1B, detail in S5). The water distribution obtained in this manner is shown for slices collected at two different conditions: i) at 1 V, ~0 A/cm 2 and, ii) at 0.6 V, where the cell is operating at high current density (1 A/cm 2 , 0.6 W/cm 2 ). Differences in the quantity and distribution of water are detected throughout the device (Fig. 1B, far right column) and local water accumulation is observed, especially inside the ionomer membrane under the landing areas where the flow field structure touches the MEA. While not rigidly ordered, X-ray scattering from the ionomer produces several features over a very wide angular range, including the well-known nanoscale ionic/hydrophobic phase segregation (~0.15 Å -1 , Fig. S16), and semicrystalline packing of the backbone matrix (~2.5 Å -1 , Fig. S5). Unfortunately, the water, ionomer and carbon content in pixels containing large quantities of Pt (i.e. inside the catalyst layer specifically) is difficult to obtain as the weak scattering from the light materials is masked by the high attenuation of Pt.

These limitations can be addressed by imaging hydration gradients inside the cell with SAXS-CT, which is extremely sensitive to ionomer hydration. The phenomena of water collecting underneath the fuel cell flow fields has been studied for decades using X-rays 37 and neutrons 17,38 . Quantitative measurements of ionomer nanostructure by SAXS add significant value to standard water imaging experiments, since hydration inside the polymer electrolyte can be precisely determined. 39,40 SAXS-CT allows the spatial correlation of ionomer nanostructure, with the water content in the other cell constituents while using the same X-ray probe. A SAXS-CT slice collected in a separate experiment during cell operation (0.8 A/cm 2 , ~0.59 V, 80% relative humidity) reveals the heterogeneous hydration of the membrane throughout the MEA with significantly better detail than in the XRD measurement (Fig. 1C). The SAXS curves were modelled as a power law background with a Gaussian ionomer peak (Fig. S16). 41 The thin membrane was not perfectly aligned with the plane of the slice, so we restrict our analysis to the regions where the ionomer peak is clearly visible. Comparatively wet and dry regions inside the membrane can be resolved through changes in the d-spacing of the ionomer peak which indicates the distance between ionic nanodomains increases from 3.5 to 3.8 nm in the preferentially hydrated regions . The wet and dry regions exhibit a vertically lined pattern correlated with the positions of the flow field. This pattern is similar to the water distribution from the XRD-CT measurements, validating the data obtained by less precise XRD pattern analysis (note that the cathode and anode flow field ribs were aligned parallel to one another for the SAXS imaging). The SAXS shows that the membrane is partially hydrated, about 10% by weight (fully hydrated membranes contain up to 25% water 42,43 ). Streaks in the SAXS-CT image show the membrane underneath the flow field rib is preferentially hydrated pointing to the same hydration distribution pattern within the membrane as the liquid water in the carbon diffusion layers observed previously. 38 SAXS-CT analysis confirms that the nanoscale spatial heterogeneities arising from significant hydration gradients are correlated to the flow field pattern. Heterogeneity in the XRD-CT images is therefore also likely connected to the inhomogeneous distribution of water inside different layers of the device.

Degradation after a potentiostatic hold at 1 V

To correlate the water distribution inside the cell to the nanostructural heterogeneity of the catalyst and aging mechanisms within the MEA 44,45 the XRD-CT patterns. The intensity parameter of the Pt diffraction signals corresponds to the quantity of material, while the peak widths are related to the average particle size and defect content of the Pt catalyst. The main complication limiting such analysis on full scale operational devices are peak broadening artefacts known as parallax errors (i.e. peak broadening as a function -CT images of large samples >1 cm have until now limited the quality and reliability of nanostructural parameters obtained from the diffraction data (e.g. lattice parameter, peak widths). 35 Here we disclose a new tomographic algorithm called Direct Least-Squares Reconstruction (DLSR) which provides a generalized solution to this problem, and corrects for parallax distortion in arbitrarily large samples. Therefore, the practical maximum sample size for XRD-CT is limited only by penetration of the X-ray beam. This advance extends the capabilities of scattering-contrast tomography from laboratory specimens to samples normally imaged using hospital-style CT scanners, including practical fuel cell devices. The DLSR algorithm quantitatively recovers the diffraction profile (Figs. S11-S15) and the microstructure of the Pt catalyst in the fuel cell, including the particle size and strain. The computationally expensive nature of the parallax-corrected reconstruction currently limits the image resolution, although rapid advances in software capability are expected. A detailed discussion on parallax artefacts, its correction using the DLSR algorithm, and benchmarking versus conventional algorithms can be found in the Supplementary Information.

Figure 2 shows images of the Pt nanostructure obtained from Rietveld analysis of a single XRD-CT image slice collected through the cathode of a degraded MEA during operation at 1 A/cm 2 .

The degradation was induced by holding the potential at 1 V for 10 hours at 80°C, which is slightly above open circuit voltage (ca. 0.95 V). 15 These high, cell reversing potentials lead to Pt oxidation and degradation. 46 Variations in the Pt intensity map (Fig. 2A), reflect the mechanical distortion of the catalyst coated membrane inside the pressurized cell during operation. The region where the ionomer membrane protrudes into the measured slice shows particles up to 100 nm in size (yellow arrow, in Fig. 2B). While degradation gradients through the cross-section of catalyst layers have been previously reported using ex situ TEM 18,47 , the size of the Pt nanoparticles in the region of these protrusions are an order of magnitude larger than expected. Nanoparticles of this size are typically found in the "Pt band", formed near and inside the membrane of aged MEAs. 48,49 Even though the formation of this Pt band has been identified as a key factor in the stability of fieldtested MEAs 50 , in situ detection of Pt band formation has not been previously reported. Higher resolution imaging and aging conditions which emphasize Pt band formation will be necessary to confirm the localization of these large Pt particles inside the membrane. The central region of the sample (Fig. 2B, magenta arrow) can be seen in greater detail in Figs.

2C & D. Although the spatial resolution of these parallax corrected images is limited (500 µm) the particle size in the sample at the beginning of testing (Fig. 2C) is much more spatially homogeneous than after testing (Fig. 2D). Higher spatial resolution XRD-CT images can be obtained if parallax correction is neglected (Figs. 2E and2F, 200 µm resolution), with the tradeoff that the calculated particle sizes are qualitative and only comparative analysis is possible.

Vertical and horizontal streaks are visible in the uncorrected maps, where the particles are systematically larger in regions covered by the flow field plates. Therefore, the morphological degradation of catalyst nanoparticles in these regions is more severe, coincident with previously observed thinning of the membrane and local Pt corrosion. 51,52 The specific factors responsible for this nanoscale heterogeneity at high potentials are not easily decoupled. However, the link between flow field design and water content detected by SAXS-CT, and the correlation to the water distribution in the cell with catalyst degradation suggests that locally altered concentration and mass transport of dissolved species (O2, H + , Pt 2/4+ ) underneath the flow field ribs enhances degradation. A detailed understanding of how these complex gradients produce heterogeneous aging requires further study under well-defined aging conditions, likely guided by input from the growing fuel cell modelling community.

Degradation during accelerated stress testing in PEMFC vs conventional cells

Given the heterogeneity observed inside the catalyst layer during aging in an operating PEMFC device, the relevance of aging data from laboratory model systems deserves scrutiny because catalyst durability is principally assessed using cyclic voltammetry in ultrahigh purity liquid electrolyte at room temperature on a rotating disc electrode (RDE). 53,54 To evaluate the differences in these environments, the most popular catalyst AST protocol (sweeping between 0.6-1.0 V at 50 mV/s with Ar atmosphere on the cathode) was employed on the same commercial catalyst (Fig. S21) inside the PEMFC and with a conventional three electrode RDE cell. 2 X-ray diffraction was measured in situ at multiple locations in the cathode throughout the AST of the PEMFC sample and transmission electron microscopy (TEM) images were collected for both the PEMFC and the RDE cell catalyst at the beginning and end of the test.

Both catalyst particle ripening and dissolution of Pt in the PEMFC sample are directly observed during the AST. The mean crystallite size of the Pt increases from 4.6 nm to 10.3 nm (Fig. 3,top) and approximately 30% of the Pt in the cathode dissolved (Fig. 3, bottom), which is consistent with previous work. 14,46 Neither parameter follows a linear trend with the number of cycles: a large fraction of the overall change takes place in the first few cycles and the degradation slowly diminishes in effect without reaching a plateau. 44 As anticipated, the catalyst in the PEMFC aged dramatically faster than inside a conventional RDE cell. These differences can be attributed to the PEMFC environment, including higher temperature, lower pH, and enhanced mass transport of dissolved species, all of which promote corrosion of metallic catalysts. Although no tomography was performed, XRF mapping of the MEA sample after ageing showed that the dissolution was fairly homogeneous and XRD at multiple locations, both in the channels and landing areas, yielded similar results (Fig. S26). These data indicate that the chemical environment created inside the fuel cell during this AST profile is more homogeneous than the cell degraded by potentiostatic hold at 1 V, and questions the utility of current ASTs to assess catalyst stability during PEMFC operation. This is because the chemical and temperature gradients, which define the degradation dynamics as discussed above, are linked to faradaic reactions, and are suppressed during stress testing under inert atmosphere. Therefore, the only reliable way to benchmark the catalyst stability, is to study the materials in a PEMFC device during operation. Furthermore, the predictions obtained from laboratory model systems are substantially and systematically different than catalyst degradation in devices.

Distinguishing catalyst degradation mechanisms through XRD

Studies which track the dissolution of Pt inside operating PEMFCs are relatively rare. In this case, the quantity of Pt observed in situ by XRD can be correlated to the electrochemical surface area (ECSA) of the catalyst measured throughout the test. The ratio of the ECSA to Pt loading throughout the AST is related to the surface-area-to-volume ratio of the catalyst, which can be used to probe degradation mechanisms, since different mechanisms produce characteristic trends.

Processes such as local electrochemical disconnection, surface activation, or partial corrosion or larger particles produce increasing ECSA / loading ratios. Aggregation and ripening degradation modes produce decreasing ratios, while catalyst detachment from the support followed by dissolution would maintain a constant ratio. The observed trend is the sum of all simultaneous degradation modes. The shape of the normalized ECSA / Pt loading curve for the MEA is presented in Figure 4A. The ECSA is initially unstable and reaches a maximum after the first 100 cycles (attributed to surface cleaning), even though 12% of the Pt loading dissolves during this activation phase. The ECSA / Pt loading ratio then decreases smoothly between cycle 100 and 10000. During this second phase, only 16% of the catalyst dissolves/detaches, but 63% of the ECSA is lost to ripening, aggregation, and other mechanisms altering the morphology, but not the quantity of Pt.

The large difference between these numbers highlights both the importance of Pt redeposition and particle-particle interactions in the degradation mechanism of commercial PEMFC catalysts, and how Pt corrosion represents just one (but critical) step. We predict that the aging of shapecontrolled catalysts under well-defined conditions would benefit even further from direct measurements of surface area to volume ratios during operando experiments. The ratio of the ECSA to crystallite size by XRD allows ripening and aggregation degradation mechanisms to be decoupled. The observed crystallite size is unaffected by aggregation, but responds to ripening/coalescence processes, while the ECSA is sensitive towards both. The loading calculated on an absolute scale. The electrochemically connected fraction, dispersion, or m the ratio of the ECSA and this XRD calculated surface area (XRD-SA). Aggregation would cause the observed ECSA / XRD-SA ratio to decrease, while coalescence and ripening produce either higher or constant values depending on the catalyst morphology. The total surface area of the catalyst measured by cyclic voltammetry and calculated by XRD in cm 2 , along with the ECSA / XRD-SA ratio of the two are shown in Figure 4B. The catalyst was approximated as monodisperse spheres, with no corrections for surface area blocked by carbon support, electrochemically disconnected particles or aggregation.

Following the initial 100 cycles over which the catalyst surface is cleaned and the ECSA increases, the ECSA/XRD-SA ratio decreases to 64% at 1000 cycles, then increases and stabilizes at 70-71% for the remainder of the AST. We attribute these changes to an aggregation phase, followed by coalescence and ripening. The total range of the ECSA/XRD-SA ratio is relatively stable (64-78%), even though the total surface area changes drastically over the course of the AST. This indicates that aggregation processes only account for a few percent of the changes in ECSA, while coalescence and ripening phenomena are responsible for the majority of the decrease in surface area. The ~70% accessibility of the total Pt surface calculated from XRD is physically reasonable considering both the simplicity of this model, and that the carbon support and Pt aggregates block 

Figure 2 .

 2 Figure 2. XRD-CT of Pt cathode catalyst. A) Pt intensity distribution over the single CT slice.
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 4 Figure 4. A) Ratio of metallic Pt to ECSA remaining as a function of AST cycle number. Both

  the remaining ~30% of a Pt surface. The drastic loss of cathode ECSA during the AST produces clear performance degradation of the PEMFC device, as shown in the ORR polarization curves collected before and after the AST (Fig. 4C). The deep structural insight provided by operando XRD greatly enhances the value of even simple AST experiments on standard commercial catalysts. Ratios of microstructural parameters allow the contributions of competing degradation mechanisms to be decoupled. Major advances in XRD-CT reconstruction algorithms allow for simultaneous assessment and chemical heterogeneities inside an operational 5 cm 2 . Interactions between different phases can be correlated at high current densities with a single probe. The XRD-CT images provide nanoscale information and show spatially resolved differences in the aging of catalyst particles, which correlate to the flow field geometry and water distribution within the device observed by SAXS-CT. Therefore, the macroscopic design of the cell has a decisive role in the nanoscopic degradation phenomena of the catalyst, which needs to be taken into account at all levels of PEMFC design. Accelerated stress testing tracked by in situ X-ray diffraction indicates that catalyst aging inside PEMFCs is extremely aggressive when compared to conventional RDE testing, even in the absence of faradaic currents which further accelerate the ageing. X-ray scattering tomography and operando AST measurements are shown to be a powerful platform for deconvoluting the degradation mechanisms of electrocatalysts. Stress tests performed in a liquid cell should be critically evaluated in order to predict catalyst degradation rates and mechanisms in functional systems. The presented strategy for deep, in situ and operando characterization bridging fundamental chemistry and device engineering is generally applicable to the next generation of

This work was supported by Automotive Partnership Canada and NSERC. A.V. is supported through the European Union Horizon 2020 program under Grant Agreement No. 679933 (MEMERE). The SAXS-CT was funded by Institut Carnot Energies du Futur under the STATUQUEAU project.

batteries, solar cells, and other energy conversion and storage systems with few compromises in electrochemical performance. These devices are composed of complex materials, where chemical reactivity, transport phenomena, and degradation mechanisms are intrinsically coupled, yielding heterogeneous distributions of phases. Advanced tools capable of providing real-time, multi-scale chemical and structural information are therefore invaluable towards understanding the evolution of these systems. We anticipate that such non-intrusive and holistic approaches, which combine several X-ray scattering tomography techniques, will enhance understanding of the roles, and interactions between different constituents, allowing next-generation materials to be incorporated into PEMFCs other electrochemical devices.

Supporting Information

Detailed descriptions of the sample preparation, small angle X-ray scattering, X-ray diffraction, computed tomography data analysis algorithms, 3D reconstructions, Rietveld refinement, electron microscopy, particle size analysis, X-ray spectroscopic imaging, and electrochemical characterization can be found in the Supporting Information.