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Supplementary Tables and Figures
Table S1 Summary of the quantitative microstructural properties of triple-layer PTL and single-layer PTL
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Table S2 Comparison of maximum porosity of sintered powder PTLs [S1-S7] 
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Table S3 Summary of the quantitative microstructural properties of triple-layer PTLs with different porosities of backing layers
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Table S4 Comparison of electrical efficiency at a current density of 3 A/cm²
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Fig. S1 TGA curve of triple-layer tape at 400 °C ~ 800 °C
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Fig. S2 Surface SEM images of (a) MPL side and (b) ultra-high porosity backing layer side of a triple-layer PTL
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Fig. S3 SEM images of (a) surface and (b) cross-section of the single-layer PTL
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Fig. S4 Photographs of a dual-layer PTL with an ultra-high porosity backing layer after heat treatment process, and delamination between MPL and backing layer
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Fig. S5 Compressive stress–strain curve of the triple-layer
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Fig. S6 Workflow of the digital twinning process for 3D reconstruction using XRM
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Fig. S7 Transparent acrylic cell for XRM analysis
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Fig. S8 XRM images of PEMWE components within the assembled cell
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Fig. S9 3D reconstructed architectures of the membrane, catalyst layer, Ti-PTL, and BPP
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Fig. S10 3D laser confocal microscope images and quantified roughness values of (a) the MPL surface in the triple-layer PTL and (b) the surface of the single-layer PTL
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Fig. S11 Pore-structural characteristics of the MPL single-layer PTL (260 µm). (a) Cross-sectional SEM image of the MPL single-layer PTL. 3D reconstructions of (b) titanium phase and (c) pore phase in MPL single-layer PTL. (d) Local pore size as a function of distance from the electrode. (e) Porosity and mean pore size of the MPL single-layer PTL. (f) Rate of closed pores and tortuosity of the MPL single-layer PTL
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Fig. S12 (a) Comparison of the pressure of oxygen transport between MPL single-layer PTL and MPL in triple-layer PTL. (b) A zoomed-in view of the pressure of oxygen transport at the MPL region (~25 μm)
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Fig. S13 Pore-structural characteristics of the triple-layer 46% PTL. (a) Cross-sectional SEM image of the triple-layer 46% PTL. 3D reconstructions of (b) titanium phase and (c) pore phase in triple-layer 46% PTL. (d) Local pore size as a function of distance from the electrode. (e) Porosity by layer within the triple-layer 46% PTL. (f) Rate of closed pores and tortuosity of the triple-layer 46% PTL
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Fig. S14 Pore-structural characteristics of the triple-layer 56% PTL. (a) Cross-sectional SEM image of the triple-layer 56% PTL. 3D reconstructions of (b) titanium phase and (c) pore phase in triple-layer 56% PTL. (d) Local pore size as a function of distance from the electrode. (e) Porosity by layer within the triple-layer 56% PTL. (f) Rate of closed pores and tortuosity of the triple-layer 56% PTL.
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Fig. S15 Comparison of oxygen transport pressure in triple-layer PTLs with different backing layer porosities (46%, 56%, and 75%)
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Fig. S16 Comparison of oxygen saturation in triple-layer PTLs with different backing layer porosities (46%, 56%, and 75%) at a current density of 3.5 A/cm²
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Fig. S17 Comparison of cell voltages at 2 A/cm² with previous studies on multilayer PTLs [S7-S13]
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Fig. S18 Tafel plots of iR-free voltage at low current densities using triple-layer PTL and single-layer PTL
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Fig. S19 Long-term stability test of the triple-layer PTL at a current density of 2 A/cm²
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Fig. S20 Cross-sectional SEM image of the triple-layer PTL after the long-term stability test
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Fig. S21 XRD pattern of the triple-layer PTL after the long-term stability test
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Fig. S22 I-V polarization curves for PEM water electrolysis using triple-layer PTLs with different backing layer porosities (46, 56, and 75%)
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