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Supplementary Fig. 1. (a) Total ohmic resistance of previously reported PCECs as a function of 

the electrolyte thickness at 500 ℃. The theoretical value was calculated based on electrolyte 

thickness, assuming a conductivity of 0.018 S/cm at 500 ℃ for all electrolyte compositions1-9. (b) 

Decoupled ohmic resistance of the theoretical electrolyte and non-electrolyte resistances at 500 ℃. 

Source data for Supplementary Fig. 1 are provided as a Source Data file.   



 

Supplementary Fig. 2. TEC comparison of the electrolyte and the electrode materials in PCECs10-

16. Source data for Supplementary Fig. 2 are provided as a Source Data file. 

 

  



 

Supplementary Fig. 3. Cross-sectional SEM images of (a) a Ni-BZCYYb fuel electrode-

supported single cell and the electrode/electrolyte interface (b) without and (c) with the precursor-

based interlayer.  

  



 

Supplementary Fig. 4. Operating principle of precursor-based electrostatic spray deposition.  

Under an applied electric field, a liquid feedstock forms a stable Taylor cone forms at the nozzle 

tip and emitted as charged droplets. During flight toward the heated substrate, solvent evaporation 

reduces the droplet size and increases the solute concentration. Further solvent removal after the 

droplets reach the substrate forms a precursor-derived deposit on the electrolyte surface. In 

precursor-based ESD process, the feedstock is a homogeneous solution containing dissolved metal 

precursors rather than a suspension of preformed ceramic particles. Subsequent sintering converts 

the deposited species into a continuous crystalline oxide interlayer through thermal decomposition 

and crystallization. This distinction is important because the deposited layer is not formed from 

preformed ceramic particles, and its nanoscale thickness is therefore not directly constrained by 

the particle size of the feedstock. This enables finer control over the formation of continuous 

nanoscale thin films. 



Supplementary Table 1. Qualitative comparison of representative coating techniques based on 

characteristics relevant to interlayer fabrication.  

Method Feedstock Vacuum 
Area 

scalability 

Thickness 

control 
Conformality 

Materials 

flexibility 

Pulsed 

laser 

deposition 

Ceramic 

target 
Required 

Limited to 

moderate 
Excellent Moderate Moderate 

Sputtering 
Ceramic or 

metal target 
Required Moderate Excellent 

Limited to 

moderate 
Moderate 

Atomic 

layer 

deposition 

Volatile 

chemical 

precursor 

Required 

or 

controlled 

reactor 

Moderate 

to high 
Excellent Excellent Limited 

Screen 

printing 

Powder ink 

or paste 

Not 

required 
High 

Limited 

below μm 

scale 

Limited High 

Powder-

based ESD  

Powder 

suspension 

Not 

required 
High Moderate Moderate High 

Precursor-

based ESD 

(This work) 

Molecular 

precursor 

solution 

Not 

required 
High High High High 

 

 

  



 

Supplementary Fig. 5. Structural characterization of the precursor-based interlayer was 

conducted at five substrate temperatures: BP50, BP100, BP150, BP200, and BP250, corresponding 

to 50%, 100%, 150%, 200%, and 250% of the solvent boiling point (190 ℃), respectively. Surface 



SEM images were analyzed to evaluate the interlayer morphology in both the as-deposited state 

and after sintering at 950 ℃. In droplet-based deposition processes, substrate temperature strongly 

affects solvent evaporation behavior and droplet size, thereby regulating capillary flow and the 

resulting film morphology. Five substrate temperatures (BP50, BP100, BP150, BP200, and 

BP250), corresponding to 50%, 100%, 150%, 200%, and 250% of the solvent boiling point 

(190 ℃), were investigated. At a substrate temperature of BP50 (95 ℃), insufficient solvent 

evaporation resulted in partially agglomerated structures. Increasing the substrate temperature to 

BP100 (190 ℃) and BP150 (285 ℃) intensified capillary flow, driving solutes toward droplet 

edges and forming non-uniform ring-like structures. At the substrate temperatures of BP200 

(380 ℃) and BP250 (475 ℃), the droplet size decreased below the critical threshold for capillary 

flow generation, resulting in a highly concentrated and relatively uniform deposition.  

 

  



 

Supplementary Fig. 6. (a) I–V–P curves and (b) Nyquist plots of the reference and interlayer-

deposited cells at four substrate temperatures. (c) Peak power density and (d) ohmic and 

polarization resistances of the corresponding cells measured at 600 °C. The peak power density 

reached its maximum, while both ohmic and polarization resistances were minimized, as the 

substrate temperature increase up to BP200 (380 ℃), and then became saturated at higher 

temperature. Source data for Supplementary Fig. 6 are provided as a Source Data file. 



 



Supplementary Fig. 7. Structural characterization of the precursor-based interlayer deposited 

with varying spray durations. Surface and tilted SEM images for spray durations of (a) 4 h, (b) 6 

h, (c) 8 h, (d) 10 h, (e) 16 h, and (f) 24 h. The coverage on the BZCYYb electrolyte surface 

increased with longer spray duration from 4 to 8 h and became saturated with longer spray duration, 

while the interlayer thickness continuously increased up to 24 h. (~150 nm for 8 h and ~400 nm 

for 24 h). 

  



 

Supplementary Fig. 8. (a) I–V–P curves and (b) Nyquist plots of the reference and interlayer-

deposited cells at different spray durations. (c) Peak power density and (d) ohmic and polarization 

resistances of the corresponding cells measured at 600 °C. Electrochemical analyses showed a 

concurrent increase in peak power density and a decrease in both ohmic and polarization 

resistances with increasing spray duration up to 8 h. Beyond 8 h, further thickening of the interlayer 

led to a slight increase in the ohmic resistance, which we attribute to an increased ion diffusion 

length through a thicker interlayer. Accordingly, 8 h was selected as the optimal spray duration. 

Source data for Supplementary Fig. 8 are provided as a Source Data file. 

  



 

Supplementary Fig. 9. AFM images of (a) the pristine electrolyte surface and (b) the precursor-

based interlayer surface. The pristine electrolyte surface exhibited an RMS roughness of 46.7 ± 

16.8 nm and a specific surface area of 1.010 ± 0.010 μm2/μm2, while the precursor-based interface 

showed an RMS roughness of 48.6 ± 9.5 nm and a specific surface area of 1.066 ± 0.019 μm2/μm2. 

  



 

Supplementary Fig. 10. EDS spectra acquired at the powder electrode (Point 1) and the precursor-

based interlayer (Point 2). Source data for Supplementary Fig. 10 are provided as a Source Data 

file. 

 

 

Supplementary Table 2. Atomic ratios acquired at the powder electrode (Point 1) and the 

precursor-based interlayer (Point 2) from EDS spectra in Supplementary Fig. 10. 

 
Atomic ratio over (Pr+Ba+Sr+Co+Fe) 

Pr Ba Sr Co Fe 

Electrode 

(Point 1) 
0.220 0.082 0.180 0.434 0.083 

Interlayer 

(Point 2) 
0.225 0.084 0.171 0.445 0.075 

 



  

Supplementary Fig. 11. XRD patterns of the precursor-based interlayer, powder electrode, and 

electrolyte. The crystallite sizes of the electrode and interlayer are 25.1 ± 2.7 nm and 21.1 ± 1.9 

nm, respectively. Source data for Supplementary Fig. 11 are provided as a Source Data file. 

 

  



 

Supplementary Fig. 12. High-resolution cross-sectional TEM images of (a) the interface between 

the interlayer and the electrolyte and (b) the interface between the electrode and the interlayer. 

  



 

Supplementary Fig. 13. (a) Schematic of the model sample with the corresponding equivalent 

circuit model for the ohmic resistance at two types of interfaces, with and without the PBSCF 

interlayer. (b) Equivalent circuit model used to describe the total ohmic resistance. 

 

The resistance terms are defined as follows: 

Rtotal: Area-specific total ohmic resistance 

Rnon-interface: Area-specific resistance from all components except the PBSCF electrode/BZCYYb 

electrolyte interface 

Rinterface: Area-specific resistance from the PBSCF electrode/BZCYYb electrolyte interface 

Rinterface1: Rinterface without the PBSCF interlayer  

Rinterface2: Rinterface with the PBSCF interlayer  



 

For the interlayer-containing configuration, Rinterface2 is further decomposed into: 

RA: Area-specific resistance from the PBSCF electrode/PBSCF interlayer interface 

RB: Area-specific resistance from ionic and electronic transport within the PBSCF interlayer 

RC: Area-specific resistance from the PBSCF interlayer/BZCYYb electrolyte interface 

 

The corresponding ohmic resistance model can be expressed as:  

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑛𝑜𝑛−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

Considering the PBSCF interlayer fraction, a, defined as the area fraction of the PBSCF interlayer 

relative to the total electrode area, the interface resistance can be written as: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑛𝑜𝑛−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + (
1 − 𝑎

𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒1
+

𝑎

𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒2
)

−1

 

Here, Rinterface1 and Rinterface2 correspond to the interface resistances without and with the PBSCF 

interlayer, respectively. For the interlayer-containing configuration, Rinterface2 is composed of three 

contributions: 

𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒2 = 𝑅𝐴 + 𝑅𝐵 + 𝑅𝐶 

where RA, RB, and RC represent the resistances at the PBSCF electrode/PBSCF interlayer interface, 

within the PBSCF interlayer, and at the PBSCF interlayer/BZCYYb electrolyte interface, 

respectively.  



However, the ohmic contributions from RA and RB are negligible under the present conditions. RA 

is expected to be small because the PBSCF electrode and the PBSCF interlayer are co-sintered, 

promoting strong interfacial integration between identical PBSCF phases. RB is also minimized by 

the ultrathin interlayer thickness (~150 nm) and the substantially higher conductivity of PBSCF 

(~700 S/cm at 500 °C)17 compared to BZCYYb (~0.018 S/cm at 500 °C)4. Accordingly, Rinterface2 

can be approximated as: 

𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒2 ≈ 𝑅𝐶 

 

The interface resistance is then expressed in terms of two key parameters: contact resistance and 

contact coverage, defined as follows: 

Rcontact1: Area-specific contact resistance at the PBSCF electrode/BZCYYb electrolyte interface 

Rcontact2: Area-specific contact resistance at the PBSCF interlayer/BZCYYb electrolyte interface 

θ1: Contact coverage at the PBSCF electrode/BZCYYb electrolyte interface 

θ2: Contact coverage at the PBSCF interlayer/BZCYYb electrolyte interface 

 

Based on these definitions, the total resistance can be written as: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑛𝑜𝑛−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + (
1 − 𝑎

𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡1 ∙
1
𝜃1

+
𝑎

𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡2 ∙
1
𝜃2

)

−1

 

  



 

Supplementary Fig. 14. Total ohmic resistance as a function of electrolyte thickness. The 

electrolyte thickness was controlled by varying the number of spin-coating processes. Source data 

for Supplementary Fig. 14 are provided as a Source Data file. 

 

Supplementary Table 3. Comparison of the electrolyte conductivity and corresponding activation 

energy with reported values. 

 Conductivity (S/cm) Activation 

energy (eV)  650 °C 600 °C 550 °C 500 °C 

This work 

(Electrolyte-thickness 

dependent experiment) 

0.027 0.025 0.021 0.015 0.24 

[4] 0.033 0.027 0.024 0.018 0.23 

[18] 0.018 0.014 0.011 0.008 0.33 

[19] 0.014 0.012 0.010 0.007 0.27 

 



 

Supplementary Fig. 15. Image processing of the BZCYYb electrolyte surface after detaching the 

PBSCF electrode particles of IL-0%. Using the image processing software (Image J), the contact 

areas (crater-like traces) were identified as white regions. Then, the contact coverage was 

calculated using the equation shown below. 

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
× 100 

 

Supplementary Table. 4. Measured contact coverage of IL-0% derived from the analysis in 

Supplementary Fig. 15.  

Location 1 2 3 4 

Number of pixels for 

electrolyte surface 
428652 428652 428652 428652 

Number of pixels for 

contact area 
120691 78773 98440 125119 

Contact coverage (%) 28.156 18.377 22.965 29.189 

 

 



 

Supplementary Fig. 16. Image processing of the PBSCF interlayer surface. Using the image 

processing software (Image J), the contact coverage was calculated using the equation shown 

below. 

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑖𝑚𝑎𝑔𝑒
× 100 

 

Supplementary Table. 5. Measured contact coverage of IL-100% derived from the analysis in 

Supplementary Fig. 16.  

Location 1 2 3 4 

Number of pixels for 

entire image 
418691 418691 418691 418691 

Number of pixels for 

interlayer surface 
384928 391614 386021 388160 

Contact coverage (%) 91.936 93.533 92.197 92.708 

 

  



 

Supplementary Fig. 17. The linear correlation between the interlayer fraction and the contact 

coverage, determined from the area-weighted combination of the experimentally measured contact 

coverages of IL-0% and IL-100%. Source data for Supplementary Fig. 17 are provided as a Source 

Data file. 

  



Supplementary Table 6. The model fitting results at 500–650 °C. 

 Temperature (°C) 

 650 600 550 500 

Rcontact1 (Ωcm2) 0.0178 0.0204 0.0234 0.0290 

Rcontact2 (Ωcm2) 0.0174 0.0207 0.0250 0.0268 

 

  



Supplementary Table 7. Calculated specific contact resistance. 

 Temperature (°C) IL-0% IL-100% 

Total ohmic 

resistance 

(Ωcm2) 

650 0.1030 0.0563 

600 0.1176 0.0626 

550 0.1354 0.0754 

500 0.1739 0.0965 

Non-interface 

resistance 

(Ωcm2) 

650 0.0367 

600 0.0407 

550 0.0483 

500 0.0652 

Interface resistance 

(Ωcm2) 

650 0.0663 0.0196 

600 0.0769 0.0219 

550 0.0871 0.0271 

500 0.1087 0.0313 

Contact coverage 

(%) 

650 

26.7 ± 4.1 92.6 ± 0.6 
600 

550 

500 

Specific contact 

resistance 

(Ωcm2) 

650 0.0177 ± 0.0027 0.0181 ± 0.0001 

600 0.0205 ± 0.0032 0.0203 ± 0.0001 

550 0.0233 ± 0.0036 0.0251 ± 0.0002 

500 0.0290 ± 0.0045 0.0290 ± 0.0002 

 

[Interface resistance] = [Total ohmic resistance] - [Non-interface resistance] 

[Specific contact resistance] = [Interface resistance] × [Contact coverage/100] 

  



 

Supplementary Fig. 18. Arrhenius plots of the interfacial ohmic resistances for IL-0%, IL-25%, 

IL-50%, IL-75%, and IL-100% in the temperature range of 650–500 ℃. Source data for 

Supplementary Fig. 18 are provided as a Source Data file. 



  

Supplementary Fig. 19. Bode plots of the model samples under OCV conditions at (a) 600 °C 

and (b) 550 °C. Source data for Supplementary Fig. 19 are provided as a Source Data file. 

  



 

Supplementary Fig. 20. Schematic of the electrode/electrolyte interface with/without the 

interlayer. The interlayer not only increased the contact coverage with the underlying electrolyte, 

but also created additional reaction area above the interlayer.  

  



 

Supplementary Fig. 21. The O2 partial pressure test at 500 °C. (a) Nyquist plots and (b) DRT 

analysis under varying O2 partial pressures at the air electrode under OCV conditions. (c) 



Polarization resistances of low-, middle-, and high-frequency regions as a function of the O2 partial 

pressure. 

Distribution of Relaxation Times (DRT) analysis was employed to deconvolute the polarization 

resistance with respect to oxygen partial pressure (pO2) at the air electrode, separating 

contributions from three distinct frequency ranges. As shown in Supplementary Fig. 18, the 

polarization resistance exhibited a clear dependence on pO2, with the low-frequency resistance 

(Rlow) and mid-frequency resistance (Rmiddle) components following a power-law relationship with 

pO2
-n, where nlow=0.30 and nmiddle=0.18, respectively. The reaction order (n) serves as a 

characteristic indicator of the specific electrochemical reactions involving oxygen ion species. For 

example, charge transfer, ion diffusion, and gas diffusion exhibit reaction orders of 0.375, 0.25, 

and 1, respectively, in pO2-dependent impedance analysis20,21. The measured values for the low- 

(nlow=0.30) and middle-frequency (nmiddle=0.18) ranges are in close agreement with those of charge 

transfer (n=0.375) and ion diffusion (n=0.25), respectively. Therefore, the dominant reactions for 

the low- and middle-frequency ranges can be assigned to the charge transfer and ion diffusion 

reactions, respectively. Source data for Supplementary Fig. 21 are provided as a Source Data file. 

 

 

 

  



 

Supplementary Fig. 22. Distributed relaxation time (DRT) analysis of the model samples at 

500 °C under OCV conditions. Source data for Supplementary Fig. 22 are provided as a Source 

Data file. 

  



 

Supplementary Fig. 23. Arrhenius plots of the low-frequency resistances for IL-0%, IL-25%, IL-

50%, IL-75%, and IL-100% in the temperature range of 650–500 ℃. Source data for 

Supplementary Fig. 23 are provided as a Source Data file. 

 

  



 

Supplementary Fig. 24. Arrhenius plot of the relative ‘interface resistance’ R against the inverse 

of reduced temperature kBT/Ea
8. Source data for Supplementary Fig. 24 are provided as a Source 

Data file.  



 

Supplementary Fig. 25. XPS O 1s spectra of PBSCF electrode and PBSCF interlayer. Source data 

for Supplementary Fig. 25 are provided as a Source Data file. 

 

Supplementary Table 8. Relative peak areas of each component in XPS O 1s spectra of PBSCF 

electrode and PBSCF interlayer. 

 Oo
× Vo

∙∙ OH− H2O 

PBSCF electrode 0.36 0.16 0.42 0.06 

PBSCF interlayer 0.35 0.18 0.41 0.06 

 



 

Supplementary Fig. 26. Arrhenius plots of the ohmic resistances for IL-0% and IL-100% with 

previously reported PCECs in the temperature range of 650–500 ℃1-6,8,22-24. 

 

  



 

Supplementary Fig. 27. Arrhenius plots of the polarization resistance for IL-0% and IL-100% 

with recently developed PCECs using PBSCF as an air electrode material in the temperature range 

of 650–500 ℃1,4,6,9,24,25.  

  



Supplementary Table 9. Comparison of the performance with previously reported PCECs. 

Air electrode 

material 

Temperature 

(°C) 

Peak power 

density 

(W/cm2) 

Current density 

at 1.3 V 

(A/cm2) 

[ref] 

PBSCF 500 1.01 1.15 
This work 

(With interlayer) 

PBSCF 500 0.48 0.40 
This work 

(Without interlayer) 

PBSCF 500 0.69 - [1] 

BSCF 500 0.54 - [23] 

GCCCO+BZCYYb 500 0.48 0.70 [5] 

PBSCF 500 0.50 - [4] 

PNC 500 0.31 0.59 [3] 

PBSCF 500 0.42 0.21 [24] 

BCFZY 500 0.42 - [26] 

PBSCF 500 0.52 0.52 [6] 

BCT 500 0.75 0.43 [27] 

BCFN 500 0.50 0.30 [28] 

BSC+PBSCF 
500 0.82 - 

[2] 
450 0.53 0.65 

BCFZY 500 - 0.62 [29] 

BCFN 500 - 0.52 [30] 

NCCO 500 0.48 1.04 [31] 

 

 



  

Supplementary Fig. 28. Comparison of peak power densities with previously reported PCECs.1-

6,23,24,26-28 



  

Supplementary Fig. 29. Comparison of the current densities at 1.3 V with previously reported 

PCECs.2,3,5,6,27-32 

 

  



 

Supplementary Fig. 30. (a) Optical images of PCECs (cell size: 2 × 2 cm2; active area: 1 × 1 cm2) 

after deposition of the PBSCF interlayer and PBSCF electrode. (b) I-V curves of IL-0% and IL-

100% at 500 °C and (c) the corresponding Nyquist plots measured under OCV conditions, 

comparing cells with active areas of 0.2 and 1 cm2. Source data for Supplementary Fig. 30 are 

provided as a Source Data file. 

  



 

Supplementary Fig. 31. Thermal cycling behavior of larger area PCECs (cell size: 2 × 2 cm2; 

effective area: 1 × 1 cm2). (a) Thermal cycling temperature profile and corresponding output 

current density under a constant voltage of 0.8 V for (b) IL-0% and (c) IL-100%. Nyquist plots at 

600 °C under OCV conditions during thermal cycling for (d) IL-0% and (e) IL-100%. Cross-

sectional SEM images at the electrode/electrolyte interface after thermal cycling for (f) IL-0% and 

(g) IL-100%. Source data for Supplementary Fig. 31 are provided as a Source Data file. 

 



 

Supplementary Fig. 32. Structural and chemical uniformity of the PBSCF interlayer over an area 

of 100 cm². (a) Optical image of the PBSCF interlayer. The red dashed boxes indicate the five 

representative locations selected for the subsequent SEM, XRD, and XPS analyses. (b) Surface 

SEM images of the YSZ substrate and the PBSCF interlayer. (c) Cross-sectional SEM images of 

the PBSCF interlayer. (d) XRD patterns of the PBSCF interlayer. (e) XPS spectra of Pr 3d, Ba 3d, 

Sr 3d, Co 2p, Fe 2p, and O 1s acquired at the PBSCF interlayer. Panels (d) and (e) share the same 

legend. Source data for Supplementary Fig. 32 are provided as a Source Data file. 



 

Supplementary Fig. 33. Surface SEM images of the substrates and the precursor-based interlayers. 

 



 

Supplementary Fig. 34. (a) I-V-P curves of the GCCCO interlayer in a Ni-

BZCYYb/BZCYYb/GCCCO configuration at 600 °C and (b) Nyquist plots under OCV conditions. 

(c) I-V-P curves of the BSCF interlayer in a Ni-BZCYYb/BZCYYb/BSCF configuration at 600 °C 

and (d) Nyquist plots under OCV conditions. (e) I-V-P curves of the LSC interlayer in a Ni-

YSZ/YSZ/GDC/LSC configuration at 650 °C and (f) Nyquist plots under OCV conditions. Source 

data for Supplementary Fig. 34 are provided as a Source Data file. 



 

 

Supplementary Fig. 35. (a) Bode plots, (b) DRT analysis, and (c) the corresponding polarization 

resistances of low-, middle-, high-frequency regions during thermal cycling at 600 °C under OCV 

conditions of IL-0%. (d) Bode plots, (e) DRT analysis, and (f) the corresponding polarization 

resistances of low-, middle-, high-frequency regions during thermal cycling at 600 °C under OCV 

conditions of IL-100%. Source data for Supplementary Fig. 35 are provided as a Source Data file. 

  



 

Supplementary Fig. 36. XRD patterns of the PBSCF electrode surfaces before/after thermal 

cycling tests. Source data for Supplementary Fig. 36 are provided as a Source Data file.  



 

Supplementary Fig. 37. (a) XPS survey spectra and (b) XPS spectra of the Sr 3d peaks of the 

PBSCF electrode surfaces before/after thermal cycling tests. Source data for Supplementary Fig. 

37 are provided as a Source Data file. 

  



 

Supplementary Fig. 38. Cross-sectional SEM image of the IL-0% electrolyte after thermal 

cycling tests. 

  



 

Supplementary Fig. 39. Adhesion strengths at the interfaces of IL-0%, IL-25%, IL-50%, IL-75%, 

and IL-100% using the mechanical pull-off test. Each sample was tested three times to ensure 

reliability and reproducibility, and the error bars represent the standard deviation. Source data for 

Supplementary Fig. 39 are provided as a Source Data file. 

 



 

Supplementary Fig. 40. Post-test fracture surface SEM images of IL-0%, IL-25%, IL-50%, IL-

75%, and IL-100%. 



 

Supplementary Fig. 41. Raman spectroscopy of the detached surfaces after the pull-off test and 

adhesive. The detachment surfaces on the electrolyte side and the electrode side were designated 

as detachment surface 1 and 2, respectively. Source data for Supplementary Fig. 41 are provided 

as a Source Data file. 

 

  



 

Supplementary Fig. 42. I-V-P curve of the fuel cell and electrolysis cell modes at 500 ˚C before 

and after the stability test for 500 h. Source data for Supplementary Fig. 42 are provided as a 

Source Data file. 

 

  



 

Supplementary Fig. 43. Cross-sectional SEM image of IL-100% after the stability test. 

  



 

Supplementary Fig. 44. Faradaic efficiency of IL-100% evaluated at different current densities 

under 20% steam (air electrode) conditions at 500 °C. Source data for Supplementary Fig. 44 are 

provided as a Source Data file. 

  



 

Supplementary Fig. 45. Energy conversion efficiency and hydrogen production rate of IL-100% 

evaluated at different current densities under 20% steam (air electrode) at 500 °C. Source data for 

Supplementary Fig. 45 are provided as a Source Data file. 

 



 

Supplementary Fig. 46. I-V-P curve of the fuel cell mode using methane as a fuel with a steam-

to-carbon ratio (S/C) of 1 for (a) IL-0% and (b) IL-100% in the temperature range of 600–400 °C. 

Source data for Supplementary Fig. 46 are provided as a Source Data file. 

 



 

Supplementary Fig. 47. The peak power density at ammonia operation (bar) of IL-0% and IL-

100% and the peak power density ratio between ammonia and hydrogen (line) in the temperature 

range of 600–450 ℃. Source data for Supplementary Fig. 47 are provided as a Source Data file. 

  



 

Supplementary Fig. 48. The peak power density at methane operation (bar) of IL-0% and IL-100% 

and the peak power density ratio between methane and hydrogen (line) in the temperature range 

of 600–450 ℃. Source data for Supplementary Fig. 48 are provided as a Source Data file. 

 

  



 

Supplementary Fig. 49. Nyquist plots of IL-0% and IL-100% under NH3 operation at OCV 

conditions at (a) 600 °C, (b) 550 °C, (c) 500 °C, and (d) 450 °C. Bode plots of IL-0% and IL-100% 

under NH3 operation at OCV conditions at (a) 600 °C, (b) 550 °C, (c) 500 °C, and (d) 450 °C. 

Source data for Supplementary Fig. 49 are provided as a Source Data file. 

  



 

Supplementary Fig. 50. Nyquist plots of IL-0% and IL-100% under CH4 operation (S/C=2) at 

OCV conditions at (a) 600 °C, (b) 550 °C, (c) 500 °C, and (d) 450 °C. Bode plots of IL-0% and 

IL-100% under CH4 operation (S/C=2) at OCV conditions at (a) 600 °C, (b) 550 °C, (c) 500 °C, 

and (d) 450 °C. Source data for Supplementary Fig. 50 are provided as a Source Data file. 

  



 

Supplementary Fig. 51. Ammonia conversion of IL-100% in the temperature range of 450–

600 ℃. Source data for Supplementary Fig. 51 are provided as a Source Data file. 

  



 

Supplementary Fig. 52. Methane conversion of IL-100% at different S/C ratios. Source data for 

Supplementary Fig. 52 are provided as a Source Data file. 

 



 

Supplementary Fig. 53. Comparison of peak power densities with previously reported protonic 

ceramic fuel cells operating with ammonia.2,33-38 

 



 

Supplementary Fig. 54. Comparison of peak power densities with previously reported protonic 

ceramic fuel cells and solid oxide fuel cells operating with methane.2,26,39-42 
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