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Fig. S1 Variation in lattice parameter with cobalt substitution.

Fig. S2 Fractured surface morphologies for STF and STFC samples; (a) Low magnification image for 
STF; High magnification image for STF (b), STFC-04 (c), STFC-07 (d), STFC-10 (e), and STFC-15 (f).



Fig. S3 Typical L-R-G EIS fittings for the symmetric cells at 700 °C. (a) equivalent circuit, (b) and (d) 

are the Nyquist plots of STF and STFC-07, respectively; (c) and (e) are the Bode plots for STF and 

STFC-07, respectively. Solid lines are the fitting results. Note that the inductance of test setup wires 

is not shown as a separate response in these plots, and is responsible for the apparent difference 

between the overall fit and the individual responses. 

Fig. S4 Ohmic resistance versus time for the symmetric cells with STFC-07 electrodes during life 

testing; (a) without current; (b) running 1 A cm–2 current. A small difference between the initial 

values attributed to the small difference of the thickness of LSGM electrolytes.



Fig. S5 Fractured surface morphologies for symmetric cells after the ageing (700 °C, without current). 
(a) and (b) for STF; (c) and (d) for STFC-07. (a) and (c) show the electrode/electrolyte interfaces.

Fig. S6 Fractured surface morphologies of SOFC side for the symmetric cells after the ageing (700 °C, 
1 A cm–2). (a) and (b) for STF; (c) and (d) for STFC-07. (a) and (c) show the electrode/electrolyte 
interfaces.



Fig. S7 Fractured surface morphologies of SOEC side for the symmetric cells after the ageing (700 °C, 
1 A cm–2). (a) and (b) for STF; (c) and (d) for STFC-07. (a) and (c) show the electrode/electrolyte 
interfaces.

Fig. S8 Ohmic resistance versus time for the symmetric cells with LSCF electrodes; (a) without 
current; (b) running 1 A cm–2 DC current.



Fig. S9 XPS spectras for STF and STFC electrodes; narrow-scan for (a) Sr 3d, (c) Ti 2p, (e) Fe 2p, 

and (g) Co 2p; Fittings for STFC-15 samples: (b) Sr 3d, (d) Ti 2p, (f) Fe 2p, and (h) Co 2p



According to the high-resolution scans and their fittings, it observed that there are no big differences 
in peak positions for Sr and Ti between different samples and the measured binding energy for 
different elements are consistent with the values reported in the literature1. As expected, the peak 
intensity on Fe decreased and that of Co increased with increasing Co substitution.

Fig. S10 Cross section SEM image of the full cell after performance testing

Fig. S10 shows a representative cross sectional SEM image of the full cell after the performance 

testing. The YSZ electrolyte has a thickness of about 8 μm and shows a very dense 

microstructure. The screen-printed STFC-07 electrode has a thickness of 10–15 μm and bonded 

well with the GDC interlayer. The Ni/YSZ fuel electrode and support layer have thicknesses of 

15 and 700 μm, respectively.

Fig. S11 Nyquist (a) and Bode plots for the full cell (3% H2O + 97% H2) at different temperatures.



Fig. S12 Equivalent circuit fits for EIS data (700 °C, 3% H2O + 50% H2) from full cell; (a) Nyquist and 
(b) Bode plots, (c) Arrhenius plots of the polarization resistances from the fitting results for the full 
cell.

Fig. S13 Nyquist (a) and Bode plots for the full cell (50% H2O + 50% H2) at different temperatures.

Fig. S14 Equivalent circuit fits for EIS data (700 °C, 50% H2O + 50% H2) from full cell; (a) Nyquist and 
(b) Bode plots, (c) Arrhenius plots of the polarization resistances from the fitting results for the full 
cell.

Discussion of the full cell EIS data



In the present study, the cell exhibited three clear impedance responses at all the temperatures. 

The EIS data was fit to an equivalent circuit consisting of three RQ elements, matching to the 

three different responses seen by visual inspection, an Ohmic resistance (Rohm), and an inductor. 

Fig. S12 (a) and (b) shows typical fits, for data taken at 700 °C. The resistance values obtained 

from each circuit element are shown in the Arrhenius plots in Fig. S12 (c). The Ohmic resistance 

values are consistent with the magnitude expected for the YSZ electrolyte, although the 

activation energy is lower than expected. The response at ~10 Hz did not vary significantly 

with temperature (Fig. S11 (b)), and is therefore associated with gas diffusion in the thick 

support, consistent with prior reports.2 The response peaking at ~102 is a combination of the 

oxygen electrode response, as seen in the EIS data for the cathode symmetric cell in Figure, 

and the Ni-YSZ fuel electrode electrochemical process normally observed at this frequency.3 

The response peaking at ~104 Hz is similar to the high frequency response seen in the cathode 

symmetric cell EIS data, but is larger in magnitude. This may be due to a difference in the 

processing between the symmetric in full cells, or there may be an additional interfacial 

resistance in the full cells that is not present in the symmetric cells.

EIS data, from the same cell as shown in Fig. 7, was measured in 3% H2O + 97% H2 fuel 

and air at open circuit voltage (OCV) at 600–800 °C. Nyquist and Bode plots, reproduced in 

Fig. S11, show three main responses at 10, 100, and 104 Hz that were fit with the equivalent circuit 

shown. The dominant feature, at ~10 Hz, does not vary significantly with temperature, as shown 

in the fitted resistance values (Fig. S12). This is commonly observed in Ni-YSZ anode-

supported cells and can be attributed to gas diffusion through the thick (~700 μm) anode 

support. Gas diffusion is also presumably responsible for the limiting current observed at ~6 A 

cm–2 in Fig. 7. The resistance values from each part were obtained. The oxygen electrode 

polarization (R-oxy.) showed the lowest value at temperatures of 800–650 °C and close to Rohm, 

fuel electrode polarization (R-fuel), and gas diffusion resistance (R-gas diffusion) at 600 °C. The R-

oxy. activation energy determined for the full cell in Fig. 7 (a) (1.15 eV) is similar to the value 

determined previously from the symmetric cell study in Fig. 4 (1.21 eV). 

Nyquist and Bode plots from the same cell measured in 50% H2O + 50% H2 fuel and air 

at OCV at 600–800 °C are shown in Fig. S13. Similar fitting was produced and the results 



are shown in Fig. S14. It also shows three main responses at the same frequency regions as 

shown in Fig. S12. Firstly, the total resistance values were 0.112, 0.233, and 0.598  cm2 at 

800, 700, and 600 °C, respectively. On the other hand, it observed that the R-oxy almost not 

change when the fuel steam concentration increased from 3% to 50% because the air gas on 

the oxygen electrode side not changed. However, the R-fuel and R-gas diffusion decreased 

obviously since the high fuel steam concentration yields a lower fuel electrode polarization 

as discussed above.  

Fig. S15 Comparisons of EIS for full cells with STFC-07 and LSCF cathodes before and after SOFC life 
test. Test conditions: 700 °C, 1 A cm–2/ 130 h + 1.2 A cm–2/120 h.



Fig. S16 (a) and (c) fractured surface morphologies for as-prepared STFC-07 and LSCF cathodes, 
respectively; (b) SFTC-07 after 350 h life testing (SOFC, 700 °C, 1 A cm–2/ 130 h + 1.2 A cm–2/120 h + 
1.5 A cm–2/100 h); (d) LSCF after 250 h life testing (SOFC, 700 °C, 1 A cm–2/ 130 h + 1.2 A cm–2/120 h)

Fig. S17 The configuration of symmetrical cells and long-term stability test under a current 
supply.



Table S1 Gerischer resistance RG ( cm2) and time constant tG (s) values obtained from fitting the EIS 

data and used in the ALS model calculations.

Temperature (°C) RG (STF) RG (STFC-07) tG (STF) tG (STFC-07)

600 0.282 0.113 0.0913 0.0422

650 0.131 0.045 0.0271 0.0091

700 0.054 0.021 0.0071 0.0028

750 0.026 0.0085 0.0022 0.0071

800 0.015 0.0045 0.0091 0.0029

Table S2 Oxygen nonstoichiometry () and thermodynamic factors (A0) from TGA analysis used for ALS 

mode.

Temperature (°C) A0 (STF) A0 (STFC-07)  (STF)  (STFC-07)

600 9.60 11.54 0.219 0.277

650 10.38 12.3 0.228 0.298

700 10.25 13.16 0.249 0.316

750 10.8 13.88 0.259 0.325

800 11.81 14.69 0.266 0.332

Adler-Lane-Steele (ALS) model

The ALS model4, 5 was developed to describe the impedance response of porous single-phase MIEC 

oxides. It is applied in this work to help interpret EIS data and use it, combined with 3D tomography 

data, to extract the oxygen transport coefficients of STFC. The ALS model leads to a specific 

electrical equivalent circuit (Gerischer impedance element) with the form:

                                                           (S1)
𝑍= 𝑅𝐺

1

1 + (𝑗𝑡𝐺)


where Z is the complex impedance, RG is the Gerisher resistance and tG is the time constant. RG and 

tG are given by the ALS model as:
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                                                       (S3)
𝑡𝐺=

(1 ‒ )

4𝑘𝑐ℎ𝑒𝑚
(𝑝𝑂2)

‒ 0.5

where  is the tortuosity,  is the porosity of solid phase, and  is the pore-electrode interfacial area 

per volume. These values are given in Fig. 2(d) from the FIB-SEM data. cmc is the oxygen 

concentration.  is the oxygen vacancy fraction. A0 is the thermamodynamic factor, a function of 

oxygen chemical potential. 

                                                          (S4)
𝐴0 =±

1
2(∂𝑙𝑛⁡(𝑃𝑂2)∂𝑙𝑛⁡() )

RG and tG are determined from the EIS fitting shown in Fig. S2 and the values are shown in Table 

Si. A0 was calculated from Fig. 1(c).  and A0 used in present study are shown in Table S2.

According to eq. (a) and (3), Dchem and kchem can be obtained:
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