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S1 Experimental Details 

S1.1 Iodometric Titration Test 

In this experimental titration, 0.1g of the powder sample was completely dissolved 

using a concentrated HCl solution (6 mol L-1), along with excess KI powder. 

Subsequently, the resulting solution was diluted with water to maintain a weakly acidic 

pH (pH=6). The solution was titrated with fresh standard Na2S2O3 solution (0.05 mol 

L-1) twice, and near the titration endpoint, a fresh starch indicator was introduced to 

indicate the endpoint. The average volume of consumed Na2S2O3 solution was 

calculated from the two titration experiments to determine the valence state of the Fe 

element and the concentration of oxygen vacancies. 

S1.2 Electrical Conductivity Test 

The electrical conductivity of the S3-yFNx was examined by the DC four-probe method 

[S1, S2]. Dense bar samples were prepared with silver wires affixed as current 

collectors. A constant current of 100 mA was applied to the sample, while the voltage 

was recorded with a digital source meter (Keithley 2440). The conductivity (σ) of the 

material was calculated using the following Eqn. (S1): 
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where ρ is the resistivity, Ω m, I and U are the output current signal, A; U is the output 

voltage signals in A and V, respectively, and 𝑙2, 𝑙1, and 𝑙3 are the length, width, and 

thickness of the bar sample in cm. 

The electrical conductivity relaxation (ECR) test was done using the same configuration. 

The sample was placed in a 21% O2-71% N2 atmosphere. Once the output signal was 

stabilized, the atmosphere was quickly switched to 10% O2-90% N2 until it was 

stabilized again. The corresponding relaxation curves were recorded and converted into 

normalized conductivity (g(t)) using the expression (S2): 

𝑔(𝑡) =
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where 𝜎0, 𝜎𝑡, and 𝜎∞ represent the conductivity at t=0, t=t, and t=∞ in S cm-1. 𝐷𝑐ℎ𝑒𝑚 

represents the chemical bulk diffusion coefficient of the material (cm2 s-1), while 𝛼1𝑛, 

𝛼2𝑚 , 𝛼3𝑝  denote the nth, mth, and pth roots of the transcendental equation, 

respectively. Further details of the fitting procedure can be found in the literature [S3, 

S4]. In this study, the relaxation curves were fitted using the ECRTOOLS tool 

developed by Prof. Ciucci et al. [S5]. 

S1.3 Cell Preparation 

S3-yFNx | BZCYYb | S3-yFNx symmetrical cells were prepared for electrochemical 

impedance spectroscopy (EIS) measurements. The BZCYYb powder was pressed into 

a disc and sintered at 1450 oC for 10 h for densification. S3-yFNx electrode slurry was 

fabricated by mixing S3-yFNx powders, isopropanol (AR, ≥99.7%), ethylene glycol (AR, 

98%), and glycerol (ACS, ≥99.5%). The electrode slurry was evenly sprayed on the 

BZCYYb pellet’s surface and calcined at 1100 oC for 2 h. 

Ni-BZCYYb | BZCYYb | S3-yFNx single cells were fabricated by a co-pressing method. 

NiO (standard, FuelCellMaterials. Co.), BZCYYb powder, and starch were thoroughly 

mixed and pressed as the fuel electrode Ni-BZCYYb, in which the starch functions as 

the pore former. Subsequently, the pure BZCYYb electrolyte powder was evenly spread 

and pressed onto the surface of the NiO-BZCYYb, calcined at 1450 oC for 5 h to form 

a Ni-BZCYYb| BZCYYb half-cell. Afterward, the S3-yFNx slurry was sprayed on 

BZCYYb’s surface and calcined at 1100 oC for 2 h to produce the single cell. 

S1.4 EIS Data Analysis 

The Distribution of Relaxation Time (DRT) Method facilitates the extraction of sub-

step information about the electrode reaction. The relevant data processing was 

performed utilizing DRTTOOLS, which was developed by Prof. Ciucci et al. [S6, S7]. 
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DRTTOOLS is specifically designed for EIS data analysis, allowing for the extraction 

of electrochemical responses at various frequencies. This approach capitalizes on the 

characteristic time distributions inherent to distinct physicochemical processes. By 

deconvoluting EIS data into these characteristic distributions based on time scales, the 

electrode reactions can be effectively identified [S8, S9]. 

S1.5 Computational Details 

Oxygen Reduction Reaction (ORR) proceeds through a four-electron mechanism [S10, 

S11]： 

∗ +𝑂2 + 𝐻+ + 𝑒− →∗ 𝑂𝑂𝐻              (S3) 

∗ 𝑂𝑂𝐻 + 𝐻+ + 𝑒− →∗ 𝑂 + 𝐻2𝑂          (S4) 

∗ 𝑂 + 𝐻+ + 𝑒− →∗ 𝑂𝐻                   (S5) 

∗ 𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂               (S6) 

The Gibbs free energy (∆G) change for ORR/OER intermediates was determined using 

the equation (S7) [S12]: 

∆𝐺 = ∆𝐸 + ∆𝑍𝑃𝐸 + 𝑇∆𝑆 − 𝑒𝑈            (S7) 

Here, ∆E represents the energy change in each step, ∆ZPE is the change in the zero-

point energy calculated from vibrational frequencies, ΔS is the entropy change based 

on thermodynamics databases, and T denotes the room temperature of 298.15 K. −𝑒𝑈 

is the standard electrochemical potential of the electron involved in the reaction, 

obtained when the electrode potential is referenced to the reversible hydrogen electrode. 

Simultaneously, the standard electrochemical potential of the proton (𝐺𝐻2) is set to be 

equivalent to that of a hydrogen atom in gaseous H2 (
1

2
𝐺𝐻2). Owing to limitations in 

characterizing the triplet state of the O2 molecule within the present DFT framework, 

the free energy of the O2 molecule was determined by the following equation [S13]: 

𝐺𝑂2 = 2𝐺𝐻2𝑂 − 2𝐺𝐻2 + 4.92                  (S8) 

Corrected free energy values were computed using a plugin for VASP, named VASPKIT. 

To quantitatively assess the stability of the perovskite lattice, the formation energy of 

the Ruddlesden-Popper layered perovskite S3-yFNx crystal structure was calculated 

using the formula below [S14, S15]: 

3𝑆𝑟𝑂 + 𝐹𝑒2𝑂3 + 0.5𝑂2 ↔ 𝑆𝑟3𝐹𝑒2𝑂7                         (S9) 

3𝑆𝑟𝑂 + 0.9𝐹𝑒2𝑂3 + 0.1𝑁𝑏2𝑂5 + 0.4𝑂2 ↔ 𝑆𝑟3𝐹𝑒1.8𝑁𝑏0.2𝑂7     (S10) 

2.8𝑆𝑟𝑂 + 0.9𝐹𝑒2𝑂3 + 0.1𝑁𝑏2𝑂5 + 0.5𝑂2 ↔ 𝑆𝑟2.8𝐹𝑒1.8𝑁𝑏0.2𝑂7  (S11) 

The formation energy is determined by subtracting the energy of the reactants on the 

left-hand side from the energy of the products on the right-hand side of the equation. 

The more negative the formation energy, the higher the stability of the perovskite. 
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S2 Supplementary Figures 

 

Fig. S1 Refined XRD pattern of S3-yFNx materials synthesized by sol-gel method 
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Fig. S2 Density of states (DOS) of SFN and D-SFN 

 

Fig. S3 XPS results of S3-yFNx. a XPS detection of the targeted elements. b Nb 3d 
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Fig. S4 FT-IR of hydrated SFN and D-SFN powders 

 

Fig. S5 TG curves of S3-yFNx samples from room temperature to 700 oC, with the 

atmosphere of dry air and the heating rate of 10 oC/min 

 

Fig. S6 Thermal expansion coefficient of S3-yFNx over the temperature range 100-1000 
oC 
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Fig. S7 ECR curve of S3-yFNx bar samples under changes in oxygen partial pressure 
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Fig. S8 XRD pattern of BZCYYb powder mixed with D-SFN powder and calcined at 

1100 oC for 10 h  

 

Fig. S9 Schematic diagram of the ORR process of the air electrode in dry air 

 

Fig. S10 Arrhenius curves of the symmetrical cells in different steam partial pressure 

with a SF electrode and b SFN electrode 
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Fig. S11 Cross-section SEM of Ni-BZCYYb|BZCYYb|S3-yFNx (x=0, 0.2; y=0, 0.2) 

single cell after test. a-b Single cell with D-SFN air electrode. c-d Single cell with SF 

air electrode 

 

Fig. S12 Electrochemical performance of Ni-BZCYYb|BZCYYb|SF single cell under 

dry air as fuel and humid air (pH2O=0.03) as oxidizing atmosphere. a Fuel cell power 

density curve. b I-V curves in PCEC and PCFC mode 

S3 Supplementary Tables 

Table S1 Lattice parameters of S3-yFNx powders obtained by XRD Rietveld refinement 

Samples a/b (Å) c (Å) V (Å3) 
Space 

group 

Rp (%) Rwp (%) χ2 

SF 3.86634 20.16277 301.405  Im-3m 7.47 9.53 1.10 

SFN 3.88744 20.21685 305.521 Im-3m 9.88 12.60 1.16 

D-SFN 3.87987 20.10515 302.651 Im-3m 6.09 8.46 3.66 
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Table S2 Rietveld refinement results derived from the XRD pattern of as-synthesized 

SF 

Element 
Wyckoff 

Symbol 
x y z Occupancy 

O1 2a 0 0 0 0.058 

O2 4e 0 0 0.19329 0.125 

Sr1 2b 0 0 0.5 0.062 

Sr2 4e 0 0 0.31726 0.125 

O3 8g 0 0.5 0.09432 0.250 

Fe1 4e 0 0 0.09741 0.125 

Table S3 Rietveld refinement results derived from the XRD pattern of as-synthesized 

SFN 

Element 
Wyckoff 

Symbol 
x y z Occupancy 

O1 2a 0 0 0 0.046 

O2 4e 0 0 0.19380 0.125 

Sr1 2b 0 0 0.5 0.062 

Sr2 4e 0 0 0.31570 0.125 

O3 8g 0 0.5 0.09200 0.250 

Fe1 4e 0 0 0.09870 0.125 

Table S4 Rietveld refinement results derived from the XRD pattern of as-synthesized 

D-SFN 

Element 
Wyckoff 

Symbol 
x y z Occupancy 

O1 2a 0 0 0 0.046 

O2 4e 0 0 0.19380 0.125 

Sr1 2b 0 0 0.5 0.062 

Sr2 4e 0 0 0.31570 0.125 

O3 8g 0 0.5 0.09200 0.250 

Fe1 4e 0 0 0.09870 0.125 

Table S5 Valence states of Fe and oxygen non-stoichiometry obtained from XPS fitting 

and iodometric method of S3-yFNx samples 

Samples XPS fitting Iodometric method 

Valence states of 

Fe 

oxygen non-

stoichiometry 

Valence states of 

Fe 

oxygen non-

stoichiometry 

SF +3.52 0.48 +3.49 0.51 

SFN +3.44 0.41 +3.38 0.46 

D-SFN +3.56 0.49 +3.53 0.52 
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Table S6 Dchem and kchem values for SF, SFN, and D-SFN samples at various 

temperatures 

 

Temperature 

(oC) 

SF SFN D-SFN 

Dchem (cm2 

s-1) 

kchem (cm 

s-1) 

Dchem 

(cm2 s-1) 

kchem (cm 

s-1) 

Dchem 

(cm2 s-1) 

kchem (cm 

s-1) 

650 2.139E-5 1.671E-4 9.32E-6 8.21E-5 3.755E-5 3.4691E-4 

600 1.02E-5 7.956E-5 6.84E-6 6.359E-5 1.968E-5 1.7093E-4 

550 5.62E-6 4.298E-5 4.02E-6 3.737E-5 1.085E-5 9.051E-5 

500 3.7E-6 2.883E-5 3.09E-6 3.08E-5 7.62E-6 6.539E-5 

 

Table S7 Performance comparison of D-SFN with reported air electrodes in 3% H2O-

air 

Air electrode 

 

ASR (Ω cm2) 
Refs. 

750 °C 700 °C 650 °C 600 °C 550 °C 500 °C 

D-SFN  0.047 0.15 0.404 1.209 4.81 
This 

work 

BaCe0.4Sm 0.2Fe0.4O3-δ 

(BCSF) 
0.21 0.38 0.78 1.95 5.32  [S16] 

La0.6Sr0.4CoO3-δ (LSC) 0.14 0.55 1.7 3.25 4.00 5.00 [S17] 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF) 
 0.19 0.53 1.60 3.36 9.66 [S18] 

PrBaCo2O5+δ (PrBC)  0.14 0.29 0.54 1.3 2.78 [S18] 

Pr2NiO4+δ (PrN)  0.14 0.29 0.58 1.35 3.74 [S18] 

La0.6Sr0.4Fe0.8Co0.2O3-

δ(LSCF) 
  1.65 5.12 14.85 64.47 [S19] 

BaCo0.4Fe0.4Zr0.2O3-δ 

(BCFZ) 
  0.6 1.03 1.90 3.87 [S19] 

BaCo0.4Fe0.4Zr0.15Y0.05O3 

(BCFZY0.05) 
0.50 1.01 2.10 4.67 12.87 48.63 [S20] 

BaCo0.4Fe0.4Zr0.1Y0.1O3 

(BCFZY0.1) 
0.41 0.89 1.72 4.01 7.69 16.12 [S20] 

BaCo0.4Fe0.4Zr0.05Y0.15O3 

(BCFZY0.15) 
0.67 1.25 2.71 5.43 17.16 50.10 [S20] 
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Table S8 Performance comparison of reported PCFC under fuel/oxidizing atmosphere 

of H2/3% H2O-air 

Air electrode Electrolyte 

(Thickness) 

Peak power density (mW cm-2) Refs. 

700  

°C 

650  

°C 

600  

°C 

550  

°C 

500  

°C 

450  

°C 

BaCe0.5Fe0.3Bi0.2

O3-δ (BCFB) 

BaZr0.1Ce0.7Y0.2

O3-δ (25 μm) 

736 551 362 203   [S21] 

BaFe0.9Bi0.1O3-

δ (BFB) 

BaZr0.1Ce0.7Y0.2

O3-δ (14 μm)  

635 479 338 282   [S22] 

SrSc0.175Nb0.025C

o0.8O3-δ (SSNC) 

BaZr0.1Ce0.7Y0.2

O3-δ (46 μm) 

498 361 262 190 141  [S23] 

LiNi0.8Co0.2O2 (L

NCO) 

BaZr0.1Ce0.7Y0.2

O3-δ (24 μm) 

 268 221 184   [S24] 

La0.7Sr0.3MnO3-

δ (C-LSM73) 

BZCY442 (7 μm) 594 434 289 175 98  [S25] 

Sr0.9Ce0.1Fe0.8Ni0.

2O3-δ (SCFN) 

BZCYYb1711 

(26 μm) 

  420 334 240 135 [S26] 

BaCo0.4Fe0.4Ce0.1

Gd0.1O3-

δ (BCFCeG) 

BZCYYb1711 

(30 μm) 

663 570 504 395   [S27] 

BaCo0.4Fe0.5Ce0.1 

(BCFCe) 

BZCYYb1711 

(30 μm) 

497 460 406 339   [S27] 

BaCe0.4Fe0.4Co0.2

O3-δ (BCFC) 

BZCYYb1711 

( ~70 μm) 

335 287 237    [S28] 

La1.6Sr0.4Cu0.6Ni0

.4O4+δ (LSCN) 

BZCYYb1711 

(10 μm) 

729 495 272    [S29] 

PrNi0.5Co0.5O3

-δ(PNC) 

BZCYYb4411 

(~10 μm) 

  528 354 230  [S30] 

Ba0.5Sr0.5Co0.8Fe0

.2O3-δ (BSCF) 

BZCY172 (10 

μm) 

904 480 289    [S31] 

Ba0.4K0.1Sr0.5Co0.

8Fe0.2O3-δ 

(BKSCF) 

BZCY172 (10 

μm) 

1275 737 441    [S31] 

SF BZCYYb1711 

(23 μm) 

 470 320 214 142 82 This 

work 

D-SFN BZCYYb1711 

(23 μm) 

 596 483 361 242 165 This 

work 
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Table S9 Performance comparison of reported proton-conducting electrolysis cells at an applied voltage of 1.3 V 

Air electrode Fuel/Oxidant Electrolyte Current density @1.3 V (A cm-2) Refs. 

700 °C 650 °C 600 °C 550 °C 500 °C 450 °C  

PrNi0.5Co0.5O3-δ (PNC) Dry H2 /10% H2O-air BZCYYb (~10 μm)   -0.86 -0.48 -0.34 -0.12 [S30] 

Sr0.9Ce0.1Fe0.8Ni0.2O3-δ (SCFN) Dry H2/3% H2O-air BZCYYb (26 μm)   -0.36 0.27 0.18 0.09 [S26] 

Pr2NiO4+δ (PNO) Dry H2/40% H2O-air BaZr0.2Ce0.6Y0.2O3−δ (20 

μm) 

 -0.60 -0.34 -0.22   [S32] 

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ (NBSCF-

BZCYYb) 

90%H2-10%H2O/10% 

H2O-air 

BZCYYb (20 μm) -2.46 -1.60 -0.73 -0.40   [S33] 

Sr2.8La0.2Fe2O7-δ (SLF) 3%H2O-H2/20% H2O-air BZCY (20 μm) -1.07 -0.72 -0.46    [S34] 

BaCe0·6Zr0·3Y0·1O3-δ (BCZY63)-

BaCo0.4Fe0.4Zr0.1Y0-1O3-δ (BCFZY0.1) 

3%H2O-H2/12%H2O-air BaCe0.7Zr0.1Y0.1Sm0.1O3-

δ (25 μm) 

  -0.37 -0.22 -0.18 -0.07 [S35] 

La2NiO4+δ (LN)- BaCe0.5Zr0.3Dy0.2O3-

δ (BCZD) 

3%H2O-H2/3% H2O-air BaCe0.5Zr0.3Dy0.2O3-δ 

(30 μm) 

-0.30  -0.16    [S36] 

Ba0.5Sr0.5(Co0.8Fe0.2)0.95P0.05O3-

δ (BSCFP0.05) 

H2/3% H2O-air BZCYYb (~10 μm)   -1 -0.62 -0.4  [S37] 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) H2/3% H2O-air BZCYYb (~10 μm)   -0.64 -0.43 -0.24  [S37] 

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) H2/10% H2O-air BZCYYb (~15 μm)   -0.84 -0.58 -0.38 -0.22 [S38] 

Ba0.5Gd0.8La0.7Co2O6−δ-

BaZr0.5Ce0.4Y0.1O3−δ (BGLC587-

BZCY541) 

20% H2-80% N2/30% 

H2O-air 

BZCY541 (~12 μm)  -1.03 -0.65 -0.38 -0.21  [S39] 

Ba0.95La0.05Fe0.8Zn0.2O3-δ (BLFZ)-

BZCYYb 

3%H2O-H2/10% H2O-air BZCYYb (10 μm) -0.71 -0.46 -0.28    [S40] 

Sr2Fe1.5Mo0.5O6-δ (SFM)-BaZrO3 (BZY) H2/3% H2O-air BZY (18 μm)  -0.57 -0.38 -0.20   [S41] 

Nd1.95Ba0.05NiO4+δ (NBN) 3% H2O-H2/3% H2O-air BaCe0.5Zr0.3Dy0.2O3-δ 

(15 μm) 

-0.4 -0.28 -0.16 -0.09 -0.09 -0.05 [S42] 

SF H2/3% H2O-air BZCYYb (23 μm)  -0.83 -0.52 -0.29 -0.19 -0.11 This work 

D-SFN H2/3% H2O-air BZCYYb (23 μm)  -1.19 -0.81 -0.57 -0.29 -0.17 This work 
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